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Abstract 
Aim of the present dissertation is to develop the self-healing function of 
ceramic-based composites for environmental barrier coatings which were applied to 
protect Si-based ceramics and their composites from hot steam corrosion. 
Silicon-based ceramics, including silicon nitride and silicon carbide as well as their 
ceramic matrix composites such as SiC fiber-reinforced SiC composites (SiCf/SiC), 
are used as high-temperature structural components for hot-section in gas turbine 
engines. These materials present an excellent high-temperature oxidation resistance 
under dry and clean air due to formation of a protective silica layer. However, in water 
vapor generated during combustion process in gas turbine engines, these ceramics 
were susceptible to hot corrosion and recession. The protective silica layer reacts with 
water vapor to form gaseous oxidation products such as Si(OH)4. In order to extend 
lifetime of these materials, application of environmental barrier coatings (EBCs) to 
protect them from water vapor corrosion is needed. 
Recent studies on EBCs showed that rare-earth (RE) silicates (RE2SiO5 and 
RE2Si2O7) are potential materials for the EBCs due to their phase stability and low 
CTE close to those of silicon-based ceramic substrates. However, application of these 
ceramics must face a challenge on their brittle property. In actual applications, further 
cracking can be induced by foreign object damage, mechanical fatigue or thermal 
shock. In case of crack formation in the EBCs, the substrates will be no longer 
protected from the corrosive environment due to penetration of oxygen and water 
vapor. Under these circumstances crack-healing abilities are essentially necessary for 
the EBCs to increase their lifetime and reliability. 
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The self-healing function of SiC/Y2SiO5, SiC/Y2Si2O7  and SiC/Y2SiO5-Y2Si2O7 
composites are investigated and discussed in this dissertation to develop self-healing 
EBC materials applied for Si-based ceramic composite substrates. Investigation of the 
self-healing function for each composite is carried out and discussed via surface 
crack-disappearance by thermal oxidation, self-healing-induced strength recovery and 
oxidation resistance. Effect of SiC volume fraction on self-healing performance and 
oxidation resistance of SiC/Y2SiO5-Y2Si2O7 composites is investigated as well. In 
order to discuss the self-healing mechanism of the composites, evaluation of the 




 ions in the Y2SiO5 matrix is conducted. The 
diffusion couple experiments are conducted to determine the diffusion coefficient of 
Y
3 +
 ion. The oxygen diffusivity in Y2SiO5 matrix is evaluated via oxidation kinetics of 
SiC/Y2SiO5 composites. 
SiC/Y2SiO5-Y2Si2O7  composites exhibit a considerable self-healing performance 
at high temperature caused by the oxidation of SiC dispersoid. The self-healing ability 
and oxidation resistance of the composites are proportional to SiC volume fraction. 
The formation of oxidation product layer and the volume expansion are responsible for 
closure of the surface cracks. The diffusivity of Y ion in Y2SiO5, which is not been yet 
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1.1 Evolution of the gas turbine operating temperature 
Gas turbine engines have become important, widespread and reliable devices in 
the field of power generation, transportation and other applications. It has profoundly 
affected society since its initial development during the Second World War. It has 
enabled the cost of long distance travel to be dramatically reduced while also making it 
more reliable and reducing transit time. It is also used extensively worldwide for the 
efficient generation of electricity. In spite of many years of development, overall 
efficiency of gas turbine engines remains far from thermodynamic limit for 
hydrocarbon combustion. All of the applications of gas turbine can be advanced by 
continued improvements to their fuel efficiency and power output. 
Demand for more powerful and higher fuel efficiency of gas turbine engines will 
require a significant increase in the turbine inlet temperature [1-3]. Over the past 50 
years the increase in the turbine inlet temperature have been achieved due to advances 
in nickel-base superalloys, air-cooling technologies and thermal barrier coatings 
(TBCs), as shown in Figure 1.1 [1, 2, 4, 5, 6]. The operating temperatures of engines 
are now approaching the melting point of nickel-base superalloys. Further increases in 
the gas turbine inlet temperature are not possible without the implementation of 
advanced TBCs with very low thermal conductivity that reduce the alloy surface 
temperature by insulating it from the hot gas. However, this strategy is approaching its 
limitation because: coating sintering leads to a loss of compliance and increased 
thermal conductivity [7-10], the bond coat oxidation rate increases rapidly with 
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temperatures [7, 11, 12], and calcium-magnesium-aluminum-silicate (CMAS) melting 
and infiltration cause premature coating failure [13, 14]. 
All of the considerations listed above are strong incentive for development of 
advanced materials systems with enhanced thermal capability. Based on the very high 
working temperature desired, ceramics and their composites systems are the most 
viable to replace nickel-base superalloys. The ceramic matrix composites (CMCs)  
possess requisite toughness and damage tolerance with the added benefit of 
considerably reduced density (technical ceramics are generally 30-50 % of the density 
of nickel-based superalloys) and the ability to operate at higher temperatures 






Figure 1.1 Evolution of turbine inlet gas temperature with the implementation 
of turbine blade materials, cooling concepts, coatings and CMCs [2] 
 
 
Vu Dinh Huy  12 
 
1.2 Silicon carbide ceramic matrix composites 
Because of the high temperature mechanical capabilities and physical properties, 
ceramic materials are considered as an attractive option to replace nickel-base 
superalloys for use in turbine engine hot-section. However, due to the brittle nature of 
ceramic failure, even tough monolithic ceramics such as Si3N4 have insufficient 
fracture toughness for critical gas turbine applications, some type of reinforcement 
phase is required in order to increase material toughness and mechanical durability. 
This requirement has led to the development and implementation of fiber-reinforced 
ceramic matrix composites. Among many CMC systems being studied, silicon carbide 
(SiC) fiber-reinforced SiC matrix composites (SiCf/SiC) were identified as the leading 
candidate for turbine engine core structures [15]. 
A SiCf/SiC CMC is composed of woven SiC fibers (such as Hi-Nicalon S and 
Sylramic fibers [16-19]) that are coated with a thin boron nitride (BN) interphase (< 1 
µm) which is embedded in a Si/SiC matrix. The BN interphase is typically applied by 
chemical vapor deposition (CVD) or chemical vapor infiltration (CVI) from a gaseous 
precursor. Its main function is to arrest and/or deflect micro-cracks in the matrix that 
form under load thereby protecting the SiC fibers from early failure and allowing for 
fibers pullout during crack propagation [2, 17, 20, 21, 22]. The Si/SiC matrix is 
incorporated into the CMC by one or more of the following processing routes [3, 17, 
21, 22]. The first route involves CVI where SiC is infiltrated into the fiber preform 
from a gaseous precursor. This process yields fully dense SiC and a composite with 
10-15 % residual porosity. The second route involves infiltrating particle slurries into 
fiber preform via immersion or pressure assisted routes followed by sintering. The 
third route use a polymer impregnation and pyrolysis (PIP) process to infiltrate a 
polymer precursor of the matrix into the fiber preform that will form SiC upon 
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pyrolysis. This process results in composite with higher 10 % porosity. The fourth 
route uses melt-infiltration. The fiber preform is consolidated with carbon and 
infiltrated with liquid Si where the liquid Si reacts with carbon to form SiC and 
residual Si. This route yields a SiCf/SiC CMC with low residual porosity. 
One typical advantages of Si-based ceramics is their excellent high temperature 
oxidation resistance in dry air due to the formation of a solid, slow growing, protective 
silica scale (SiO2), as equation (1.1) [23-26]. 
                                       SiC +
3
2
O2(g) = SiO2 + CO(g)                                                    (1.1) 
However, in the presence of hot combustion gases containing high velocity, high 
pressure water vapor at high temperature, the protective SiO2 scale grown on SiC 
reacts with water vapor to form a gaseous silicon hydroxides (Si(OH)4) via equations 
(1.2) and (1.3) [25-30]. 
                                       SiC + 3H2O(g) = SiO2 + 3H2(g) + CO(g)                               (1.2) 
                                       SiO2 + H2O(g) = Si(OH)4(g)                                                      (1.3) 
The growth of the protective SiO2 scale exhibits parabolic oxidation kinetics whereas 
the volatilization of SiO2 exhibits linear kinetics [23-30]. Since these reactions occur 
simultaneously the oxidation and volatilization behavior of SiC is described by 
paralinear kinetics. SiC recession rate significantly greater than 1 µm/h has been 
observed in the 1300-1350°C range [28]. This can severely impair the lifetime and 
performance of SiC components due to shape change, which would cause them unfit 
for turbine engine application. Consequently, the SiCf/SiC CMCs must be protected by 
environmental barrier coatings (EBCs) to prevent water vapor corrosion during 
operational lifetimes of thousands of hours. 
The design of EBC systems has been focused on providing both thermal and 
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environmental protection. The desired qualities for an EBC is: (1) environmental 
stability and low oxygen permeability, (2) low coefficient of thermal expansion (CTE) 
which is close to that of SiC to prevent cracking via thermal stress mismatch, (3) 
high-temperature chemical and phase stability, and (4) low thermal conductivity for 
increasing thermal protection and reducing cooling air requirements [31]. 
 
1.3 Development trend of environmental barrier coatings 
1.3.1 First generation environmental barrier coatings 
Early CMC coating development focused mainly on protecting silicon based 
ceramics from corrosion by molten salts. The first EBCs were proposed in the 1990 ’s 
and consisted of a mullite (3Al2O3•2SiO2) coating applied directly to the SiC substrate 
[32] because of its close CTE match with SiC. However, a major drawback to these 
mullite coatings was the formation of surface cracks that allowed corrosive species to 
penetrate deep into the coating to the substrate. In process of conventional plasma 
sprayed mulltie, considerable amount of amorphous mullite phase was appeared due to 
the rapid cooling of molten mullite during its solidification on a cold substrate. The 
crystallization of the amorphous phase under thermal cycling, which accompanies a 
volumetric change, was identified as the primary cause of the coating cracking [32]. 
Subsequently, a modified plasma spray process was developed that eliminated the 
amorphous mullite form the coating. However, one issue was later determined that the 
recession in high velocity combustion environments due to the volatilization of the 
silica by presence of water vapor. In order to overcome the recession of mullite, a 
water vapor resistant coat was added on top of the mullite coating. Consequently, the 
first generation EBC was developed by using YSZ (ZrO2-8 mass% Y2O3) as an overlay 
of the mullite coating [33, 34]. 
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Thermal cycling tests in water vapor revealed that the coating quickly cracked 
and delaminated at either the YSZ-mullite or the mullite-SiC interfaces. The rapid 
failure was attributed to the CTE mismatch between YSZ, mullite and the substrate [33, 
35, 36]. One additional drawback of such coating with mulltie applied directly to the 
substrate was the formation of a porous, low viscosity SiO2 scale at the mullite-SiC 
interface [31]. This was linked to both chemical contamination of the SiO2 scale and 
the bubbling of gaseous species through the scale. This leads to poor adhesion and 
premature spallation of the coating at the mullite- SiC interface [34, 37]. Improving 
adherence of the coating was determined to be critical priority for enhanced durability. 
 
1.3.2 Second generation EBCs 
Several alkaline earth and rare earth silicates were identified with well-matched 
CTEs that exhibited little weight change during high temperature, high water vapor 
pressure environmental exposure, as shown in Table 1.1. Barium strontium aluminum 
silicate (BSAS) was applied to replace the YSZ top coat because it has a low silica 
activity and CTE that is well matched with the substrates. Adding BSAS second phase 
in the mullite coating also significantly reduced the tensile stress, resulting in far 
superior crack resistance compared to the unmodified mullite coating [38]. Another 
innovation in second generation EBCs was the development of  a Si bond coat which 
further enhanced the EBC performance by providing significantly improved adherence . 
These EBCs were proved for thousands of hours at 1250°C on the SiC/SiC CMC 
combustor liners of three Solar Turbines Centaur 50s gas turbine engines [38]. 
However, BSAS reacts with thermally grown silica, which was formed on Si bond coat 
by oxidation, to generate a low melting glass (~1300°C) that causes EBC degradation 
and premature failure at temperatures above 1300°C [39]. Besides, a projection based 
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on a silica volatility model in conjunction with BSAS volatility data form high steam 
low velocity environments indicates a BSAS recession of approximately 70 µm after 
1000 h at 1400°C, 6 atm in total pressure, and 24 m/s gas velocity [39]. Actual gas 
turbines operate at significantly higher pressure and gas velocities, increasing the 
projected recession to much higher levels. This finding indicated that the need for EBC 
topcoats to have reasonably matched CTE, low volatility, and high temperature phase 







) Melting Point (°C) Application 








Lu2Si2O7 3.8 unknown 
Yb2Si2O7 4-6 1850 
Y2Si2O7 3.9 1775 
BSAS (monoclinic) 4-5 1300 
BSAS (hexagonal) 7-8 1300 
Mullite 5-6 1800 Intermediate 
coat Al2O3 6.0-8.4 2072 
Si 3.5-4.5 1414 Bond coat 
SiC, SiC/SiC 4.5-5.5 2545 
Substrate 
Si3N4 3-4 1875 
Table 1.1 Thermal expansion coefficient of EBC materials, adapted from Lee [40] 
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Some rare earth silicates have been identified as promising candidates due to 
their low CTE, phase stability and low silica activity. Yttrium (Y), ytterbium (Yb) and 
lutetium (Lu) silicates exhibit some of the low volatilities in steam. The CTE of these 
and other candidate materials are summarized in Table 1.1. Rare earth monosilicates 
(RE2SiO5; RE = rare earth element) are significantly less volatility than BSAS in water 
vapor, while the volatilities of rare earth disilicates (RE2Si2O7) are similar to that of 
BSAS [40]. Like BSAS, the RE-silicates are reportedly unstable as single layer  
coatings applied to SiC substrates, and a tri-layer RE-silicates/mullite/silicon coating 
approach same to the BSAS top coat EBC has been proposed [40]. 
The tri-layer RE-silicates based coatings have lifetimes of several hundred hours 
during steam-cycling at 1380°C in 90 % H2O-balance O2 [40, 41]. One potential 
disadvantage of rare earth silicate coatings compared to BSAS coating is their 
susceptibility to through-thickness cracking. In case of SiC/SiC substrate, the cracks 
propagate from the top coat and stop within the intermediate coat or at the interface of 
the intermediate coat/Si bond coat. In contrast to the same EBC on Si3N4 substrate, 
cracks typically penetrate through the Si bond coat all the way to the interface of 
Si/Si3N4. Some cracks branch laterally within the Si bond coat [40]. In both of 
substrates, the penetration of oxygen along the cracks will cause the oxidation which 
accelerate the degradation of the Si bond coat as well as the substrate. The degradation 
of the Si bond coat will eliminate the adherence of the EBCs as well. These may affect 
the long-term durability and protection of the RE-silicate based coatings under 
frequent thermal cycling.  
In order to maintain the durability and protection of rare earth silicate EBCs 
under thermal cycles, the crack propagation have to be stopped when it appears within 
the top coat. The idea to solve this problem is introduce self-healing function to the top 
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coat. The top coat introducing self-healing function will be anticipated to serve longer 
time and more reliable with the ability of healing by itself. With respect to this 
proposal, the rare earth silicate ceramic must have the self-healing function as well. 
 
1.4 Self-healing function of ceramics based composites 
Structural ceramic materials are known as one of the prime candidates used for 
manufacturing of high temperature apparatus because of excellent heat resistance, 
mechanical strength and wear resistance [42]. But their ductility and fracture 
toughness are fairly lower than the metallic materials due to the sensitivity to flaws. 
Several investigators have found that the strength of the structural ceramics can be 
increased by heating them. Heat treatment of the ceramic materials containing cracks 
can result in complete or partial recovery of the strength of the materials. This 
phenomenon is generally called “self-healing”. The self-healing function in the 
structural ceramics was firstly reported in 1970’s [43]. The monolithic alumina was 
heated up 1700 or 1900°C in order to obtain its strength recovery. Although its 
bending test results show less effective on strength recovery. The self-healing 
mechanism at that moment was the re-sintering process where cracks seem to heal via 
the disappearance of void space between adjacent grains. Due to the complex 
requirements as well as less effectiveness, this approach has limited work attributed to 
it today.  
The self-healing in ceramics has been rapidly developed since 1992 when the 
self-healing function in silicon nitride ceramics was reported by Choi et al. [44]. The 
Si3N4 ceramic containing 10 % MgO additives was oxidized at high temperature to 
generated MgSiO3 and accompanied with N2 gas. The oxidation kinetics of the 
ceramic was controlled by the diffusion of Mg
2+
 ion through the grain boundary to the 
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surface. The outward diffusion of Mg
2+
 caused the formation of an oxidation product 
layer which is responsible for healing of surface cracks and recovering of the strength. 
Lately in 1995, Chu et al. reported the self-healing function in SiC/mullite composites 
[45]. At high temperature, the SiC phase was oxidized in to SiO2 which accompanies a 
volume expansion. The volume expansion cause the closure of surface cracks as well 
as reduction of stress concentration on crack tips which consequently involved 
strength recovery. The self-healing mechanism of the SiC/mullite ceramic matrix 
composites is revealed in Figure 1.2. Following the idea, research on crack-healing 
function of SiC/Al2O3  composites had been conducted by Ando et al. [46]. Although 
Al2O3 matrix possesses a self-healing ability induced by re-sintering, the self-healing 
function of the composites comes from the volume expansion generated by oxidation 
of SiC into SiO2. The crack-disappearance also resulted in the strength recovery of the 
composites. 




Self-healing function at high temperature has been also reported lately for 
ceramic-based composites dispersed with metallic dispersoids as Ni/Al2O3  [47], 
Co/Al2O3 [48], and Ni/mullite [49]. Unlike the volume expansion induced 
Figure 1.2 Schematic illustrates the self-healing mechanism of SiC/mullite 
matrix composites 
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crack-healing of SiC/ceramic composites, the diffusion of metallic ions acts as the 
major role in crack-healing performance of metal/ceramic composites. With the 
diffusion mechanism, self-healing of metal/ceramics composites is expected to 
perform repeatedly. Figure 1.3 shows the oxidation mechanism which induced surface 
crack disappearance of the composites. The oxidation of metallic phase induces the 
diffusion of metallic cations and oxygen anions which cause the formation of  surface 
layer and oxidized zone. The formation of the surface layer is responsible for 
self-healing function whereas the development of the oxidized zone is representative 
for oxidation resistance of the composites. The developments of the surface layer and 
oxidized zone are varied, depending on characteristics of matrix materials and 
dispersoids. 
Since above studies were reported, the self-healing function of ceramic-based 
composites has been considered as a promising solution for high-temperature 
applications of structural ceramics. Self-healing function in ceramics, therefore, could 
be an excellent approach to improve lifetime and reliability of the EBC layers which 









1.5 Self-healing EBC materials applied for SiCf/SiC CMC substrate 
As mention in above sections, cracks formation in the EBC layers decreased 
their lifetime and reliability. The cracks formation was caused by mismatch stress 
between the topcoat, the immediate coat and the substrate when they work under 
multiple thermal cycles, where the heating and cooling are repeated. In order to extend 
lifetime of the EBCs, we have proposed self-healing CMCs as potential candidates for 
EBC materials. SiC/yttrium silicate composites, material candidates of this study, are 
selected as examples. For a few recent years, some other researches on self-healing 
EBCs have been also conducted. The crack-healing function of Y2Si2O7/BSAS coating 
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dispersed with TiSi2 was investigated by Chen et al. [50]. The mixture powder 
including Y2Si2O7, BSAS and TiSi2 powders was prepared by ball milling with ethanol 
to obtain the slurry. Then, the slurry was uniformly applied on all sides of C/SiC bar. 
The TiSi2-dispersed Y2Si2O7/BSAS coating on C/SiC CMC substrate was obtained by 
heat treatment the sample at 1470°C under argon. The coating samples with and 
without TiSi2 dispersion were corroded at 1250°C under an atmosphere of 50 % 
H2O-50 % O2. As the results, the TiSi2-dispersed Y2Si2O7/BSAS coated on C/SiC has 
better durability than the Y2Si2O7/BSAS coated C/SiC. This result was explained by 
self-healing of through-thickness cracks in the dispersed coatings which were 
generated by the mismatched CTE between carbon fibers and the SiC matrix. The 
cracks in the dispersed coating were much wider than those in the non-dispersed 
coating because of large mismatch CTE between the TiSi2 dispersoid and 
Y2Si2O7/BSAS. The cracks in the dispersed coating were completely closed by the 
oxidation of TiSi2 under water vapor corrosion. The filling oxidation products, 
including SiO2 and TiO2, in the through-thickness cracks became denser with 
prolonged corrosion time. This fact indicated that this is a mass transport process. The 
closure of the cracks may block the penetration of water vapor into the C/SiC substrate 
along the cracks, thus improving the durability of the dispersed coating. 
Crack-healing ability of SiC/Yb2Si2O7-Yb2SiO5 composites, which were 
considered as promising EBC materials, was reported by Nguyen and his co-workers 
[51, 52]. Bulk samples of the composites dispersed with various volume fractions of 
SiC particles were fabricated by hot pressing at 1550°C, 30 MPa for 1 h, in argon 
atmosphere. The as-cracked samples were made by introducing the Vickers 
indentations on polished surface of as-sintered samples. The cracked samples were 
annealed at 1250°C for 2 h in air and argon. The crack-healing behavior of the 
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composites was investigated by evaluation of crack-disappearance and strength 
recovery. As the results, in the Yb2Si2O7-Yb2SiO5 composites dispersed with 20 % SiC 
particles, the surface cracks were almost fully healed after annealing at 1250°C for 2 h 
in air. Strength of as-cracked samples was reduced by 30~50 %, compared to that of 
as-sintered samples. However, after annealing in air, the strength of all composites was 
recovered obviously. The healing of surface cracks reduced stress concentration at 
crack tips leading to the recovery of the strength. The cracks were healed  by volume 
expansion of newly formed Yb2Si2O7  phase. The formation of the Yb2Si2O7  phase was 
considered as the reaction of Yb2SiO5 matrix and SiO2 product which was generated 
by oxidation of SiC dispersoid. 
 
1.6 Material candidates of the present dissertation 
Three matrix materials, including yttrium monosilicate (Y2SiO5), yttrium 
disilicate (Y2Si2O7) and mixing Y2SiO5-Y2Si2O7 matrix, are described in this 
dissertation. The Y2O3-SiO2 (Figure. 1.4) system was chosen over other rare earths 
since yttrium silicates satisfy most of the criteria a material candidate must have for an 
EBC layer. There have been limited experimental determinations of the 
thermochemical stability of yttrium silicates in high temperature water vapor. However,  
these data indicate that yttrium silicates possess sufficient stability for use as a water 
vapor resistant coating material for SiC/SiC CMC substrate [40, 53, 54, 55]. 
While Y2SiO5 exhibits excellent thermochemical stability in high temperature 
water vapor, it has a large CTE mismatch with SiC whereas Y2Si2O7 possesses a good 
match to SiC (Table 1.2). Although Y2Si2O7 has four polymorphs (triclinic-α, 
monoclinic-β and γ, orthorhombic-δ) [56-58], the volume change that accompanies 
most polymorphic transformation is expected to be small since the density of each 
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polymorph is similar (α= 4.30, β= 4.03, γ= 4.04, δ= 4.11 g/cm
3
) [58]. However, the 
difference in CTE between α, δ polymorphs and β, γ polymorphs may lead to crack 
formation under multiple thermal cycles (Table 1.2) [59]. Similarly, Y2SiO5 possesses 
two polymorphs (X1 and X2) with differences in their CTE (Table 1.2) [60]. There is 
controversy over the temperatures associated with the polymorphic transformations in 
Y2Si2O7 and Y2SiO5. Therefore, the temperatures reported in Table 1.2 represent the 
widely accepted polymorphic transformation temperatures [56, 61-65]. The melting 
temperatures of Y2Si2O7 and Y2SiO5 reported in Table 1.2 are those which have been 




Figure 1.4 Y2O3-SiO2 system phase diagram [56] 
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1.7 Scope of the present dissertation 
The purpose of this dissertation is to develop the self-healing function for SiC 
particles dispersed rare earth silicate-based composites which are SiC/Y2SiO5, 
SiC/Y2Si2O7 and SiC/Y2SiO5-Y2Si2O7 composites. Self-healing function of the 
composites is evaluated through the surface crack-disappearance, self-healing induced 
strength recovery at room temperature and oxidation resistance. The surface 
crack-disappearance is estimated by the fraction of surface crack length before and 
after annealing in the air. The crack-healing effectiveness on strength recovery at room 
temperature is conducted by room temperature bending tests. Oxidation resistance of 
the composites is investigated through the growth of oxidized zone by heat treatment 
in the air. Effects of SiC volume fraction on self-healing performance and oxidation 
resistance of the mixing Y2SiO5-Y2Si2O7 matrix composites is investigated by 
Table 1.2 Coefficient of thermal expansion (CTE) and melt/transformation temperature 
for Y2Si2O7, Y2SiO5 and Y2O3 
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following the above procedures. The self-healing mechanism of the composites is 
discussed as well. In order to discuss the self-healing mechanism, evaluation of the 
diffusion coefficients of Y and O ions in the matrices are conducted through diffusion 
couple experiments. 
To achieve the objectives outlined above, the major topics are presented and 
discussed as following: 
1. Chapter 2: Self-healing function of Y2SiO5 matrix composites dispersed with SiC 
particles. 
2. Chapter 3: Self-healing function of Y2Si2O7 matrix composites dispersed with SiC 
particles. 
3. Chapter 4: Self-healing function of Y2SiO5-Y2Si2O7  matrix composites dispersed 
with SiC particles. Effect of SiC volume fractions on self-healing of the composites 
is investigated as well. 
4. Chapter 5: Diffusivity of ions in yttrium monosilicate. 
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Chapter II 
Self-healing Function of SiC/Y2SiO5 Matrix Composites 
 
2.1 Background 
As the mention in previous section, yttrium monosilicate (Y2SiO5) possesses 
two monoclinic crystal structures named X1-Y2SiO5 low temperature phase and 
X2-Y2SiO5 high temperature phase. Single-phase X2-Y2SiO5 (hereafter written as 
Y2SiO5 for brevity) was the most thoroughly studied of the rare earth monosilicate 
because the X2-polymorph was successfully synthesized and stable at high 
temperatures. The mechanical and thermal properties of Y2SiO5 ceramic have been 
evaluated by Sun et al. [69, 70]. The results indicated that Y2SiO5 ceramic is very 
competitive candidate material for EBCs. Practically, Y2SiO5 coating on SiC-based 
ceramics can improve the high-temperature oxidation of the substrate efficiently [65, 
71]. However, appearance of through-thickness cracks in the coating affected lifetime 
and protection of the coating [40]. From the above reasons, the self-healing function of 
Y2SiO5 ceramic matrix composites dispersed with SiC particles would be suitable for  
self-healing EBC applications. 
In this chapter, the investigation of self-healing function for 5 vol% SiC/Y2SiO5  
is conducted. The seal-healing ability is estimated through the fraction of surface 
crack-disappearance before and after heat treatment at 1100 to 1300°C for 1 to 24 h in 
air. The effectiveness of crack-healing function on their strength recovery is examined 
by three-point bending tests conducted for as-sintered, as-cracked and as-healed 
samples. To clarify the self-healing mechanism and oxidation resistance of the 
composites, oxidation tests are carried out at 1200 to 1400°C for 1 to 48 h in air. Some 
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basic information on mechanical properties of the SiC/Y2SiO5 composites such as 
hardness and fracture toughness are provided as well. 
 
2.2 Experimental procedure 
The single-phase Y2SiO5 powder was synthesized by using solid-state reaction 
method from raw powder mixture including Y2O3 (Nippon Yttrium Co., Ltd, 99.9 % 
purity, d= 1.1 µm) and SiO2 powder (Nacalai Tesque, Inc., 99 % purity). The mixture 
in a molar ratio 1:1 consisting of Y2O3 and SiO2 powder was ball-milled in a plastic 
bottle with ethanol and alumina balls for 24 h. After drying and manual crashing, the 
mixture was annealed at 1400°C for 20 h in air. The received powder was 
phase-identified by using X-ray diffraction (XRD). Figure 2.1 shows XRD pattern of 
the powder fabricated by the above procedure. Only single-phase Y2SiO5 is detected 
and it corresponds to standard pattern of Y2SiO5 (ICDD Card, No. 36-1476). 
Samples preparation of 5 % SiC/Y2SiO5 composites was conducted as the 
following procedure. A slurry mixture consisting of 5 vol% SiC (Ibiden Co., Ltd, 
99.9 % purity, 0.32 µm mean particle size), Y2SiO5  powder and ethanol was 
ball-milled for 24 h in a plastic bottle with alumina balls (5 mm in diameter). The 
ceramic slurry was dried at 100°C for 10 h in air and milled manually by using an 
alumina mortar to eliminate the agglomeration of the particles. Bulk specimens of the 
composites were fabricated by pulsed electric current sintering (PECS) with a graphite 
die in vacuum at 1600 °C under 70 MPa in uniaxial pressure for 5 min holding time. 
The density of the as-sintered sample was measured by the Archimedean method with 
toluene. The relative density (R.D.) of all the specimens fabricated by this procedure  
reached at least 99 % of the theoretical value of the composites. The bulk samples 
were then ground by a grinding wheel with diamond grains of 30 µm and polished 
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with diamond particles slurry (2 µm). Figure 2.2 shows polished surface of the 
as-sintered sample observed by the scanning electron microscope (SEM). SiC particles, 





Figure 2.1 XRD pattern of obtained X2-Y2SiO5 powder 




Vu Dinh Huy  30 
 
The effectiveness of crack-healing was investigated by using specimens with 
introduced cracks on polished surface. Three Vickers indentations at a load of 20 N for 
10 s were introduced to prepare 12 cracks on the sample surface. Semi-circular cracks 
with 200 µm in length and 100 µm in depth were made, as shown in Figure 2.3. The 
samples with introduced surface cracks were heat treated at temperatures ranging from 
1100 to 1300°C for from 1 to 24 h in air. Surface crack disappearance was observed by 
SEM. The fraction of surface crack-disappearance was evaluated by basing on amount 
of surface crack length remaining after heat treatment as Maruoka et al. mentioned 
previously [67]. The oxidized samples were also analyzed by using X-ray diffraction 

















Investigation of strength recovery by surface crack-disappearance was 
conducted through bending tests at room temperature. Specimens used for bending test 
were cut into a rectangular shape with 3 x 4 x 24 mm in dimensions. The mirror 
polished surface was prepared by using a grinding wheel with 30 µm-diamond grains 
and polishing with 2 µm-diamond particles slurry. The polished samples are referred to 
as-sintered samples, hereafter. Three Vickers indentations were introduced at the 
Figure 2.3 SEM images of the Vickers indentation from (a) the top view 
and (b) cross-sectional view of as-cracked sample 
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center of the sample tension surface by applying a load of 20 N for 10 s. The samples 
with introduced the indentations are referred to as-cracked samples, hereafter. 
As-healed samples were prepared by heat treatment of as-cracked samples. 
Three-point bending tests were conducted with a cross-head speed of 0.5mm/min at 
room temperature for as-sintered, as-cracked and as-healed specimens [68]. After 
bending test, surface of bended samples was observed by SEM to determine the 
fracture. 
High-temperature oxidation tests at temperatures ranging from 1200 to 1400°C 
for 1 to 48 h of these composites were conducted as the following steps. The 
specimens were put on zirconia balls (2 mm in diameter) in an alumina crucible and 
oxidized at the targeted temperatures in air. The heating rate in the oxidation 
experiments were 400°C/h. Then oxidized samples were cross-sectioned and polished 
with slurry of diamond particles (2 µm). The microstructure of cross-section was 
observed by SEM to determine thickness of oxidized zone. The phase identification of 
oxidized samples was carried out by using XRD. 
 
2.3 Results and discussion 
2.3.1 Mechanical properties 
Mechanical properties of 5 vol% SiC/Y2SiO5  composites at room temperature 
are shown in Table 2.1. Vickers hardness (Hv) of 5SiC/Y2SiO5 was measured to be 
8.25±0.15 GPa. Fracture toughness (KIC) of the composites calculated by applying 
Niihara’s equation [72] was 5.93±0.15 MPam
1/2
. Through the three-point bending tests 
conducted at room temperature, bending strength of the composites was 270±10 MPa. 
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Sample R.D (%) Hv/GPa KIC/MPam
1/2
 бb/MPa 
Y2SiO5 98 5.3±0.1 1.85±0.17 116±3 
5SiC/Y2SiO5 99.4 8.25±0.15 5.93±0.15 270±10 
 
As shown in Table 2.1, the hardness and fracture toughness of the 5SiC/Y2SiO5  
composites are larger than that of the monolithic Y2SiO5. This fact indicates that 
dispersion of SiC in Y2SiO5 matrix gave considerable effect to their mechanical 
strength. The fracture toughness of the composites is significantly improved due to 
residual stress in Y2SiO5 matrix. The residual stress caused by the difference in CTE of 
SiC dispersoid and Y2SiO5 matrix at high temperatures. 
 
2.3.2 Surface crack-disappearance 
Figure 2.4 shows SEM images observed on surface of as-cracked samples before 
and after heat treatment for 1 h at various oxidation temperatures. The dash lines 
present the outline of the Vickers indentation. Before heat treatment, the cracks on 
surface of sample propagated from corners of the imaged Vickers indentation could be 
observed obviously, as shown in Figure 2.4 (a). After heat treatment at 1200ºC for 1 h 
in air, sample surface was covered with oxidation products, as presented in Figure 2.4 
(b). Surface cracks were healed partially. The surface crack disappearance was initially 
observed at the end of each crack and then the disappeared area extended to the corner 
of the Vickers indentation. Surface cracks were disappeared completely after heat 
treatment at 1300ºC for 1 h in air, as shown in Figure 2.4 (c). Heat treatment at the 
same condition but in the Ar-1 %H2 flow do not show any disappearance of the surface 
crack, as shown in Figure 2.4 (d).  
Table 2.1 Mechanical properties monolithic Y2SiO5 and 5SiC/Y2SiO5 at room temperature 
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 Figure 2.4 SEM images of surfaces of (a) as-cracked sample and samples heat-treated  
(b) 1200°C for 1 h in air, (c) 1300°C for 1 h in air, (d) 1300°C for 1 h in Ar-1%H2 gas 
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Figure 2.5 represents the fraction of crack disappearance of specimens 
heat-treated in the logarithm of the reciprocal heat-treatment time as a function of the 
reciprocal heating temperature. Crack disappearance was categorized into three groups 
by less, partial and complete disappearance. This graph showed that fraction of crack 
disappearance was increased with increasing heat treatment temperature and time. 
Figure 2.6 shows XRD patterns obtained from the sample surface before  and 
after heat treatment for 1 h at various conditions. Figure 2.6 (a) shows the results for 
the as-sintered specimen in which only Y2SiO5 and SiC peaks were detected and no 
other crystalline phases were observed. The XRD patterns of samples heat-treated for 
1 h at 1200 and 1300ºC were respectively presented in Figures 2.6 (b) and (c). The 
results indicate that new peaks of oxidation product were detected on the surface of 
as-healed samples. Intensities of these new peaks became greater with higher 
heat-treated temperatures. The new phase appeared on surface of as-healed sample was 
identified to be Y2Si2O7. The results mean that SiC particles were reacted with oxygen 
and Y2SiO5 matrix as the following equilibrium: 
                                       SiC + Y2SiO5 +  3/2O2  =  Y2Si2O7 + CO                                 (2.1) 
Because of the reduction environment without presence of oxygen, no changes were 
observed on surface of sample heat-treated at 1300°C for 1 h in the Ar-1 % H2 gas 















 Figure 2.6 XRD patterns of surface samples before and after 
heat treatment at various heat treatments 
Figure 2.5 Dependence of crack disappearance on reciprocal 
time and temperatures 
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     In order to clarify the self-healing ability of SiC/Y2SiO5  composites, the 
crack-disappearance of the composites was compared with those of SiC/ceramic 
composites such as SiC/mullite [73] and SiC/Al2O3 composites [74]. In both case of 
SiC/mullite and SiC/Al2O3 composites, 20 vol% SiC were dispersed in mullite and 
Al2O3 matrices. And surface cracks with approximately 100 µm in length were 
completely healed after heat treatment at 1300°C for 1 h in air. In case of SiC/Y2SiO5  
composites, 5 vol% SiC were dispersed in Y2SiO5 matrix. Surface cracks with 
approximately 200 µm could be completely disappeared after heat treatment at 1300°C 
for 1 h in air. Although surface cracks on those composites were completely healed at 
same condition, SiC/mulltie and SiC/Al2O3 composites needed more fraction of SiC 
for healing than SiC/Y2SiO5 composites. Crack-healing of SiC/mullite and SiC/Al2O3  
composites was reported to be caused by formation of oxidation product, SiO2, 
associated with a volume expansion. More SiC particles on crack surface are necessary 
to generate much SiO2 phase which accompanies the volume expansion induced 
crack-healing of SiC/mullite and SiC/Al2O3 composites. Self-healing mechanism of 
SiC/Y2SiO5 composites is differed from that of SiC/mullite and SiC/Al2O3. 
     In terms of SiC/Y2SiO5 composites, the outward diffusion of Y
3+
 cations, which 
was responsible for formation of Y2Si2O7 layer on the sample surface, plays the major 
role in the crack-healing effectiveness of SiC/Y2SiO5 composites. Inward diffusion of 
oxygen passing through the component causes the oxidation of SiC particles within 
Y2SiO5  matrix to form Y2Si2O7 phase. This process induced a small volume expansion 
of 1.14 times. However, the small volume expansion could be not attributed to healing 
surface cracks. Only 5vol% SiC on the sample surface (including crack surface) was 
not enough to create the oxidation product filling in the cracks. The surface cracks 
were healed by filling and re-bonding with Y2Si2O7 layer. The formation of Y2Si2O7  
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layer on the initial surface is proposed by outward diffusion of Y
3 +
 cations. The 
formation of sub-micron spherical voids after high-temperature oxidation is the 
evidence of the outward diffusion of the cations, as shown in Figure 2.10. Although 
the outward diffusion of cations could cause the formation of oxidation product layer 
on the sample surface, the oxidation product layer is not obviously observed on surface 
of SiC/Y2SiO5. This indicates that contribution of outward diffusion of cations in this 
ceramic composite may be not so strong for high-temperature oxidation. This 
assumption can be also explained through formation of short cracks after annealing, as 
shown in Figure 2.10. Inward diffusion of oxygen passing through Y2SiO5 matrix 
gives a volume expansion of SiC dispersion upon conversion to Y2Si2O7. The volume 
expansion of Y2Si2O7 causes the formation of the short cracks. If the outward diffusion 
of cations is much faster than inward diffusion of oxygen, the volume expansion 
would be completely compensated due to the formation of the voids in the inside of 
the sample. It means that volume change in the inside of oxidized zone will be 
negative. And the interior cracks will be not appeared. This behavior was observed in 
Ni/Al2O3 and Ni/MgO composites after high-temperature oxidation [75]. The 
determination of ions diffusivity in the Y2SiO5 matrix will be conducted in chapter VI 
to clarify this issue. 
 
2.3.3 Strength recovery induced by self-healing 
     Figure 2.7 shows the bending strength of as-sintered, as-cracked and as-healed 
samples at room temperature. The as-sintered samples achieved approximately 270 
MPa in bending strength. After three-Vickers indentations were introduced on sample 
surface, cracking decreased the bending strength to approximately 100 MPa. The 
sample with heat treatment at 1300ºC for 1 h in air, as-healed exhibited a bending 
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Figure 2.8 shows SEM images observed on surface of bending test samples. 
Fracture mechanism of as-cracked sample was shown in Figure 2.8 (a). The Vickers 
indentation outlined by dash lines indicates that as-cracked sample fractured across the 
indentations and along surface cracks introduced by the indentation during bending 
test. After heat treatment at 1300ºC for 1 h in air, the surface cracks are completely 
healed by filling of the oxidation products. Figure 2.8 (b) shows fracture mechanism of 
as-healed sample was different from that of the as-cracked sample. The failure of 
as-healed sample did not occur along the Vickers indentation. This fact implies that 
fracture strength at cracked region was recovered up to the same level of the region 
without cracks. And the recovery of the strength caused by the crack-disappearance 
after heat treatment. Figure 2.9 shows the cross-sectional view of cracks after heat 
treatment at 1300°C for 1 h in air. It means that the cracks were not only healed from 
Figure 2.7 Bending strengths of as-sintered, as-cracked samples and 
samples heat treatment at 1300°C for 1 h in air 
 
 
Vu Dinh Huy  40 
 







Figure 2.8 SEM images of fractures of samples after bending test at room 
temperature for (a) as-cracked and (b) as-healed sample 
Figure 2.9 SEM images on cross-sectional view of the cracks 
after heat treatment at 1300°C for 1 h in air 
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2.3.4 Oxidation resistance 
Figure 2.10 shows the SEM images of cross-sectioned surface of SiC/Y2SiO5, 
composites after oxidation at  1200, 1300 and 1400°C for 6 h. Oxidized zone was 
defined in which fine voids with sub-micro in diameter and small cracks parallel to the 
sample surface could be observed. In this region, SiC particles dispersed in the matrix 
were oxidized and disappeared partially or completely. In the region following the 
oxidized zone, no cracks and voids were observed. This region was defined as the 
non-oxidized zone where SiC particles can be observed clearly. 
 
 





Figures 2.11 plot the thickness of the oxidized zone, x, as a function of oxidation 
time, t, at various oxidation temperatures for SiC/Y2SiO5. The thickness of the 
oxidized zone was increased with the increase in oxidation time as well as oxidation 
temperatures. The growth of oxidized zone seemed to obey the parabolic law: 
Figure 2.10 SEM images of cross-sectioned surface of SiC/Y2SiO5 composites after 
oxidation at (a) 1200, (b) 1300 and (c) 1400°C for 6 h in air 
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                                                       𝑥2 = 𝑘p𝑡                                                                      (2.2) 
where kp is the parabolic rate constant. As the oxidized zone is almost dense, as shown 
in Figure 2.10, the mass transport in the oxidized zone is the predominant process for 




The results in growth of the oxidized zone of SiC/Y2SiO5 composites indicate 
the oxidation rate of the composites at 1200°C is larger than that at 1300 and 1400°C. 
This phenomenon is caused by difference in oxidation mode of the composites at 
various temperatures. Schematic representations of oxidation mode on SiC/Y2SiO5  
composites at various temperatures are revealed in Figure 2.12. The oxidation modes 
for SiC-reinforced ceramic matrix composite materials have been proposed by Luthra 
et al. [76]. At high temperatures, oxygen can penetrate into Y2SiO5 matrix and causes 
the oxidation reaction of SiC particles and Y2SiO5 matrix. This process results in 
Figure 2.11 Thickness of oxidized zone as function of oxidation time 
at various temperatures for SiC/Y2SiO5 composites 
 
 
Vu Dinh Huy  44 
 
formation of oxidation product Y2Si2O7 and development of the oxidized zone. The 
oxidation of the composites at 1200°C would occur when oxygen diffusion rate 
through Y2SiO5 matrix is much larger than that through the oxidation product. It means 
that the oxidation rate of Y2SiO5 matrix is much higher than that of Y2Si2O7  product. 
Almost SiC particles in the oxidized zone are partially oxidized and developed a finite 
thickness of the oxidation product, as shown in Figure 2.12 (a). When the oxidation 
temperatures increased up to 1300 and 1400°C, the oxygen diffusion rates through the 
matrix and the oxidation product are also increased. At these oxidation temperatures, 
the oxidation rates of the matrix and the oxidation product are comparable. And almost 
SiC particles in the oxidized zone were fully oxidized. The interface between the 
oxidized and the non-oxidized zone is not sharp. There would be an area of the 
oxidized zone containing partially oxidized SiC particle, as shown in Figure 2.12 (b). 
This issue will be more clearly proved by a comparison of oxidation rates of Y2SiO5  
and Y2Si2O7 at high temperatures mentioned in next Chapter. 
 
 
Figure 2.12 Schematic illustration of oxidation mode on SiC/Y2SiO5 
composites at (a) 1200°C and (b) 1300 and 1400°C 
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     Figure 2.13 plotted the parabolic rate constant kp on growth of oxidized zone as 
function of reciprocal temperature for SiC/Y2SiO5 composites in comparison with 
previous study on Ni/Al2O3 [47] and Ni/mullite [50]. The apparent activation energy 
for growth of oxidized zone in SiC/Y2SiO5 was calculated to be 332 kJmol
-1
. 
Oxidation resistance of SiC/Y2SiO5 could be comparable to that of Ni/Al2O3 at high 





     The single-phase X2-Y2SiO5 powder was successfully synthesized by using the 
solid-state reaction method at 1400°C for 20 h in air. Fully-densified Y2SiO5  
composites with 5 vol% SiC particles were successfully fabricated by pulse electric 
current sintering technique to investigate their self-healing function. Investigation on 
mechanical properties on monolithic Y2SiO5 and SiC/Y2SiO5 composites indicated that 
Figure 2.13 Temperature dependence of parabolic rate constant 
on oxidation of SiC/Y2SiO5 
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dispersion of SiC in Y2SiO5 matrix gave significant effect to their hardness and 
fracture toughness. The improvement in the fracture toughness may be caused by the 
difference in coefficient of thermal expansion between SiC dispersoid and Y2SiO5  
matrix. 
The SiC/Y2SiO5 composites possess a considerable self-healing ability. For 
example, surface cracks with a total length of 200 µm completely disappeared by heat 
treatment at 1300°C for 1 h in air. By heat treatment in Ar-1 % H2 gas mixture at 
1300°C for 1 h, surface cracks on SiC/Y2SiO5 samples did not disappeared. It clarifies 
the self-healing of SiC/Y2SiO5 is caused by oxidation of SiC phase within the Y2SiO5  
matrix. The outward diffusion of Y
3+
 cations, which was responsible for formation of 
Y2Si2O7 layer on the sample surface, plays the major role in the crack-healing 
effectiveness of SiC/Y2SiO5 composites. 
     Three-point bending tests were conducted at room temperature for as-sintered, 
as-cracks and as-healed samples to estimate the effectiveness of the self-healing on 
strength recovery. As the surface cracks completely disappeared by heat treatment at 
1300°C for 1 h in air, the bending strength of as-healed samples was recovered from 
100 MPa to 330 MPa which is comparable to that of as-sintered samples. 
     Oxidation resistance of SiC/Y2SiO5 composites was estimated through the 
growth rate of oxidized zone after heat treatment at temperatures ranging from 1200 to 
1400°C for 1 to 48 h in air. Oxidation of SiC phase within Y2SiO5  matrix causes the 
formation of the oxidized zone. The growth of oxidized zone obeyed the parabolic law. 
The oxidation rate of samples oxidized at 1200°C was much larger than that of 
samples oxidized at 1300 and 1400°C. The oxidation of the composites at 1200°C 
would occur when oxygen diffusion rate through Y2SiO5 matrix is much larger than 
that through the oxidation product. All SiC particles in the oxidized zone were partially 
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oxidized and developed a finite thickness of the oxidation product. In case of the 
oxidation process at 1300 and 1400°C, the oxygen diffusion rate through the oxidation 
product is comparable to or somewhat lower than that through Y2SiO5 matrix. Almost 
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Chapter III 
Self-healing Function of SiC/Y2Si2O7 Matrix Composites 
 
3.1 Background 
     Among four polymorphs of yttrium disilicate (α, β, γ, and δ) (Table 1.2), 
γ-Y2Si2O7 is a high-temperature phase that extremely stable over a wide temperatures 
ranging from room temperature to 1500°C [77]. Single-phase γ-Y2Si2O7 (hereafter 
written as Y2Si2O7 for brevity) was also successfully fabricated and studied for 
high-temperature applications [77-79]. Y2Si2O7  ceramic has a variety of desirable 
properties such as chemical compatibility with Si-based ceramics, resistance to sodium 
molten salt, and an ability to withstand prolonged high temperature in an oxidizing 
atmosphere [80, 81]. Some preliminary investigations have demonstrated that this 
material can provide good protection for C/C-SiC composites when used as an 
oxidation-resistance coating [71]. However, several studies have reported that through- 
thickness cracks are formed in the EBCs during service time, causing the failure of the 
EBCs. This problem can be solved by healing the through-thickness cracks during 
service time. Furthermore, the self-healing function in some ceramic matrix 
composites dispersed with SiC particles was reported [73, 74]. Therefore, self -healing 
function in Y2Si2O7 ceramic matrix composites dispersed with SiC particles could be 
an excellent candidate for EBC applications. 
     In this chapter, investigation of self-healing function for Y2Si2O7 ceramic 
composites dispersed 5 vol% SiC was carried out. The fraction of crack-disappearance 
is estimated through length of surface cracks before and after heat treatment in air at 
temperatures ranging from 1100 to 1300°C for 1 to 24 h. Oxidation resistance of the 
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composites is investigated through the growth rate of oxidized zone induced by heat 
treatment in air at 1200 to 1400°C for 1 to 60 h. Self-healing mechanism of the 
composites is mentioned as well. 
 
3.2 Experimental procedure 
     The single-phase Y2Si2O7 powder was fabricated by solid-state reaction method 
from powder mixture containing Y2O3 (Nippon Yttrium Co., Ltd, 99.9% purity, d=1.1 
µm) and SiO2 powder (Nacalai Tesque, Inc., 99% purity). The mixture in a molar ratio 
1:2 consisting of Y2O3 and SiO2 powder was ball-milled in a plastic bottle with ethanol 
and alumina balls for 24 h. After drying and manual crashing, the mixture was 
annealed at 1500°C for 24 h in air. The received powder was phase-identified by using 
X-ray diffraction (XRD). Figure 3.1 shows XRD pattern of the powder fabricated by 
above procedure. Only single-phase Y2Si2O7  is detected and it corresponds to standard 
pattern of Y2Si2O7 (ICDD Card, No. 42-0167). 
Samples used in this study were 5 % SiC/Y2SiO5 composites, fabricated by the 
following procedures. The starting powder mixture was prepared by making a slurry 
mixture consisting of 5 vol% SiC (Ibiden Co., Ltd, 99.9 % purity, 0.32 µm mean 
particle size), Y2Si2O7 powder and ethanol. Afterward, the slurry mixture was 
ball-milled for 24 h in a plastic bottle with 5-mm-diameter alumina balls. Then the 
ceramic slurry was dried at 100°C for 10 h in air and milled manually by using an 
alumina mortar to eliminate the agglomeration of the particles. Consolidation of the 
powder mixture was conducted by PECS with a graphite die in vacuum at 1500°C 
under 70 MPa in uniaxial pressure for 5 min holding time. The density of the 
as-sintered sample was measured by the Archimedean method with toluene. The 
relative density of all the  specimens fabricated by this procedure reached at least 99 % 
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of the theoretical value of the composites. Figure 3.2 shows fracture surface of an 
as-sintered sample observed by the scanning electron microscope (SEM). SiC particles, 














Evaluation of the specimens was conducted as the following steps. The 
as-sintered specimens were ground by using a grinding wheel with 30 µm diamond 
grains and then polished with 2µm diamond slurry. For investigation of self-healing 
function of 5SiC/Y2Si2O7 composites, three Vickers indentations were introduced on 
polished surface of the sample by applying a load of 20 N for 10s. Each Vickers 
indentation produces four surface pre-cracks at their corners, as shown in Figure 3.3. 
The crack size in total is approximately 200 µm in length. Effectiveness of surface 
crack-disappearance after heat treatment at 1100 to 1300°C for 1 to 24 h was estimated 
by using SEM and XRD for phase identification. The details of evaluation method for 
surface crack-disappearance were described by Maruoka et al. [67]. For investigation 
of oxidation resistance of the composites, oxidation tests were conducted at 
temperatures ranging from 1200 to 1400°C for 1 to 60 h in the air with a heating rate 
of 400°C/h. The tested samples were put on zirconia balls (2 mm in diameter) in an 
alumina crucible and exposed in the air at the investigated conditions. Oxidized 
samples were then cross-sectioned and polished with 2 µm diamond slurry. Phase 
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identification for the oxidized samples was carried out by XRD. Oxidation evolution 
of the heat-treated samples was evaluated through the growth rate of oxidized zone 





3.3 Results and discussion 
3.3.1 Surface crack-disappearance 
     Figure 3.4 shows SEM images of sample surfaces with introduced cracks after 
heat treatment at various conditions. Dash lines present the outline of Vickers 
indentations. Without heat treatment in air, surface cracks that are indicated by white 
arrows could be observed clearly as shown in Figure 3.3. At 1200°C, surface cracks 
partially disappeared after heat treatment for 1 and 6 h (Figure 3.4 (a) and (b)). The 
fraction of crack-disappearance is increased with increasing in heat treatment time. 
Heat treatment at 1200°C for 1 h in air, 30±13% cracks disappeared on sample surface, 
as shown in Figure 3.4 (a). And 60±10% cracks disappeared after heat treatment at 
1200°C for 6 h in air, as shown in Figure 3.4 (b). By increasing the annealing 
temperature, the surface cracks completely disappeared at 1300°C for 1  h in air, as 
shown in Figure 3.4 (c). 
Figure 3.3 SEM images of the top view of Vickers indentation and surface cracks 









     Figure 3.5 show XRD patterns of sintered samples before and after heat 
treatment in air in order to identify compounds formed on sample surface. Before heat 
treatment, there were two dominant substances that were Y2Si2O7 and SiC detected on 
sample surface (Figure 3.5 (a)). After heat treatment at 1200 and 1300°C for 1 h in air, 
no new peaks were detected, as shown in Figure 3.6 (c) and (d). However, intensity of 
Figure 3.4 SEM images of surfaces of samples heat-treated at (a) 1200°C for 1 h,  
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SiC peaks was decreased. This fact implies that the SiC particles were oxidized into 





Figure 3.6 shows the fraction of surface crack-disappearance as a function of 
heat treatment temperatures for 5SiC/Y2Si2O7  and the previously reported results on 
5SiC/Y2SiO5 (in chapter II). Both of composites required same heat treatment 
temperature and time, at 1300°C for 1 h, for complete disappearance of surface cracks. 
However, healing rate of 5SiC/Y2Si2O7  composites is less than that of 5SiC/Y2SiO5  
composites at lower temperatures. For example, SiC/Y2Si2O7  achieved 30% of the 
fraction of crack-disappearance after heat treatment at 1200°C for 1 h while  
Figure 3.5 XRD patterns of the sintered SiC/Y2Si2O7 samples 
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SiC/Y2SiO5 achieved 80% of the fraction of crack-disappearance. This phenomenon is 
caused by the difference of crack-healing mechanism of the two composites. 
As mentioned in previous chapter, the outward diffusion of Y
3+
 cations, which 
was responsible for formation of Y2Si2O7 layer on the sample surface, plays the major 
role in the crack-healing effectiveness of SiC/Y2SiO5 composites. However, the 
dominant factor cause the self-healing of SiC/Y2Si2O7 composites would be the 
volume expansion which was accompanied by oxidation of SiC dispersoid into 
amorphous SiO2 phase.  Figure 3.8 (b) shows the cross-sectional view of a sample 
after heat treatment at 1300°C for 48 h in air. A lot of short cracks parallel to the 
sample surface are generated in the inside of the oxidized zone. Similar cracks were 
observed in Y2O3 partially-stabilized ZrO2 composites dispersed with Ni particles after 
oxidation process at high temperatures [82]. The cracks appeared in the inside of the 
oxidized zone of SiC/Y2Si2O7 composites would be formed by oxidation of SiC 
dispersoid into SiO2 which accompanies a volume expansion during high-temperature 
oxidation process. Theoretical value of the volume expansion of oxidation of SiC into 
SiO2 is approximately equal to be two. This volume expansion caused the closure of 
surface cracks. Besides, the healing of surface cracks can be caused by the formation 
of amorphous SiO2. The SiC dispersoid was oxidized into amorphous SiO2. The 
amorphous SiO2 subsequently migrated along surface cracks leading to full filling of 
the cracks. Same mechanism was observed in yttria stabilized zirconia composites 
dispersed with MoSi2  [83]. Moreover, as shown in Figure 38 (b), some spherical voids 
can be observed in the oxidized zone as well. The formation of these voids was caused 
by outward diffusion of Y
3+
 cations. A comparison between the cracks and voids 
appeared in the inside of the oxidized zone indicates that the volume change in the 
oxidized zone will be positive. It means that the outward diffusion of cations  in the 
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Y2Si2O7 matrix is much slower than the inward diffusion of oxygen. The outward 






3.3.2 Oxidation resistance 
Figures 3.7, 3.8 and 3.9 show SEM images observed on cross-sectioned surface 
of SiC/Y2Si2O7 samples after oxidation at various conditions. The oxidized zone was 
defined to be the region containing the matrix, oxidation product and short cracks 
parallel to the sample surface. In this region, SiC particles dispersed in the matrix were 
almost oxidized. Thickness of oxidized zone, x, was determined. In the region 
following the oxidized zone, no cracks were observed. This region was considered as 
the non-oxidized zone where SiC particles can be observed clearly. 
Figure 3.6 Fraction of crack-disappearance as a function of heat treatment 














Figure 3.7 SEM images of the cross-sectioned surfaces of SiC/Y2Si2O7 samples 
after oxidation at 1200°C for (a) 24 h and (b) 48 h 
 
Figure 3.8 SEM images of the cross-sectioned surfaces of SiC/Y2Si2O7 samples 









Figure 3.10 plotted the thickness of oxidized zone as function of oxidation time.  
With increasing oxidation time, the thickness of oxidized zone was increased. The 
growth of oxidized zone obeyed the parabolic law. Figure 3.11 shows the parabolic 
rate constant, kp, of SiC/Y2Si2O7 as a function of reciprocal oxidation temperature. The 
value of apparent activation energy for growth rate of oxidized zone in SiC/Y2Si2O7  
was calculated to be 735 kJmol
-1
. As shown Figure 3.11, the oxidation rate of Y2Si2O7  
Figure 3.9 SEM images of the cross-sectioned surfaces of SiC/Y2Si2O7 samples 
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matrix is much lower than that of Y2SiO5 matrix at 1200ºC. At higher oxidation 
temperatures such as 1300 and 1400ºC, the oxidation rate of Y2Si2O7 is comparable or 
somewhat lower than that of Y2SiO5. This comparison indicates that the discussion on 
oxidation mode of the SiC/Y2SiO5 composites at various temperatures mentioned in 
Chapter II is reasonable. The comparison also implies that oxidation resistance of 




Figure 3.10 Thickness of oxidized zone as a function of oxidation time 
at various temperatures for SiC/Y2Si2O7 composites 
 
 






The single-phase γ-Y2Si2O7 powder could be successfully synthesized by using 
the solid-state reaction method at 1500°C for 24 h in air. Consolidated 5 vol% 
SiC/Y2Si2O7 specimens were successfully fabricated by PECS to investigate the 
self-healing function and oxidation resistance. 
The investigation of surface crack-disappearance by heat treatment in air was 
conducted at temperatures ranging from 1100 to 1300°C for 1 to 24 h. Results of the 
investigation indicated the surface crack-disappearance achieved by heat treatment at 
1300°C of 5SiC/Y2Si2O7 was similar with that of 5SiC/Y2SiO5. By heat treatment at 
lower than 1300°C, the healing rate of 5SiC/Y2Si2O7 was lower than that of 
5SiC/Y2SiO5. The dominant factor cause the self-healing of SiC/Y2Si2O7 composites 
would be the volume expansion which was accompanied by oxidation of SiC 
dispersoid into amorphous SiO2 phase. 
Figure 3.11 Temperature dependence of parabolic rate constant on 
oxidation of SiC/Y2SiO5 and SiC/Y2Si2O7 composites 
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Oxidation tests for SiC/Y2Si2O7 were conducted at temperatures ranging from 
1100 to 1300°C for 1 to 24 h. Oxidation resistance of SiC/Y2Si2O7 composites was 
examined through the growth rate of oxidized zone after annealed in air. The oxidized 
zone was considered as a region in which short cracks parallel to the sample surface 
were appeared due to the volume expansion caused by oxidation of SiC phase in to 
amorphous SiO2 phase in the matrix. The growth of oxidized zone obeyed the 
parabolic law. The apparent activation energy for growth of the oxidized zone was 
determined to be 735 kJmol
-1
. Oxidation rate of SiC/Y2Si2O7 composites is one order 
of magnitude lower than that of SiC/Y2SiO5 composites. In other words, oxidation 
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Chapter IV 
Self-healing Function of SiC/Y2SiO5-Y2Si2O7 Matrix Composites 
 
4.1 Background 
The key limitation in the applicability of the EBCs for SiC-based composites is 
the CTE mismatch between the coating and the substrate.  Because a large difference in 
CTE of the coating and the substrates leads to mismatch stress between the coating and 
substrates induced cracks in the coating. In order to reduce the mismatch stress, CTE 
of the selected coating need to be closest to that of the substrates. While Y2SiO5 has 
large CTE mismatch with SiC whereas Y2Si2O7 possesses a good match to SiC(Table 
1.2). Furthermore, as reported in Chapter 4, the self-healing ability of SiC/Y2SiO5 is 
better than that of SiC/Y2Si2O7 whereas oxidation resistance of SiC/Y2Si2O7 is better 
than that of SiC/Y2SiO5. From above reasons, Y2SiO5 and Y2Si2O7 ceramic can be 
mixed together to fabricate a ceramic displaying the CTE closest to that of the 
substrate. Some preliminary investigations have also demonstrated that the 
Y2SiO5-Y2Si2O7  ceramic can provide good oxidation protection for C/C-SiC 
composites when used as an oxidation-resistance coating [71, 84]. And 
Y2SiO5-Y2Si2O7 coating with composition (in mass %) 70Y2Si2O7-30Y2SiO5 provide 
suitable protection against the oxidation of SiC-based composites at 1600°C. 
Therefore, Y2SiO5-Y2Si2O7 matrix composites dispersed SiC particles is expected to  
exhibit better self-healing capability and oxidation resistance which is suitable for 
self-healing EBC applications. 
In this chapter, the investigation of self-healing function for 
70Y2Si2O7-30Y2SiO5 (hereafter written as YS for brevity) matrix composites dispersed 
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5 vol% SiC particles is conducted. The self-healing capability is evaluated through 
fraction of surface crack-disappearance before and after heat treatment in air at 1100 to 
1300°C for 1 to 24 h. In order to clarify the oxidation resistance of the composites, 
oxidation test are carried out at temperatures ranging from 1200 to 1400°C for 6 to 48 
h in air. To investigate effects of SiC volume fraction on self-healing ability and 
oxidation resistance, the self-healing and oxidation test are conducted at same above 
conditions for 10 vol% SiC/70Y2Si2O7-30Y2SiO5 (10SiC/YS) and 20 vol% 
SiC/70Y2Si2O7-30Y2SiO5 (20SiC/YS) composites. 
 
4.2 Experimental procedure 
Specimens used in this study were 5, 10 and 20 vol% SiC/70Y2Si2O7-30Y2SiO5, 
fabricate by following procedures. Slurry mixtures containing SiC (Ibiden Co., Ltd, 
99.9% impurity, 0.32 µm mean particle size) , the YS ceramic powder and ethanol 
were prepared by ball-milling for 24 h in a plastic bottle with alumina balls ( 5mm in 
diameter). The slurries then were dried at 100°C for 10 h in air. Afterward, the powder 
mixtures were manually crashed by a mortar for reduce the agglomeration of the 
powder. The powder mixtures were consolidated with a graphite die by PECS in 
vacuum for 5 min holding time and under 70 MPa in uniaxial pressure at 1550°C. The 
density of the as-sintered sample was measured by the Archimedean method with 
toluene. The relative density of all the specimens fabricated by this procedure reached 
at least 99 % of the theoretical value of the composites. Figure 4.1 shows SEM images 
representative for the fracture surface of the as-sintered sample of 5SiC/YS composites. 
SiC particles are visible as the bright dots dispersed homogeneously into YS matrix. 
Evaluation of the specimens was conducted as the following steps. The 
as-sintered specimens were ground by using a grinding wheel with 30 µm diamond 
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grains and then polished with 2µm diamond slurry. For investigation of self-healing 
function of 5SiC/YS, 10SiC/YS and 20SiC/YS composites, three Vickers indentations 
were introduced on polished surface of the sample by applying a load of 20 N for 10s. 
Each Vickers indentation produces four surface pre-cracks at their corners, as shown in 
Figure 4.2. Effectiveness of surface crack-disappearance after heat treatment at 1100 to 
1300°C for 1 to 24 h was estimated by using SEM and XRD for phase identification. 
The details of evaluation method for surface crack-disappearance were described by 
Maruoka et al. [67]. For investigation of oxidation resistance of the composites, 
oxidation tests were conducted at temperatures ranging from 1200 to 1400°C for 1 to 
48 h in air. The tested samples were put on zirconia balls (2 mm in diameter) in an 
alumina crucible and exposed at the test temperatures in air. The heating rate in the 
oxidation experiments were 400°C/h. Oxidized samples were then cross-sectioned and 
polished with 2 µm diamond slurry. Phase identification for the oxidized samples was 
carried out by XRD. Oxidation evolution of the oxidized samples was evaluated 












4.3 Results and discussion 
4.3.1 Crack-disappearance of 5SiC/YS composites 
Figure 4.3 presents SEM images of the introduced cracks on sample surfaces 
after heat treatment at various conditions. The dashed lines indicate the edges of 
Vickers indentations. From each corner of the Vickers indentation, a crack with 60 µm 
Figure 4.1 SEM image of the fractured surface of an as-sintered sample 
of 5SiC/YS composites 
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in length propagated as observed in Figure 4.2. After heat treatment at 1100°C for 6 h 
in air, the surface cracks partially disappeared as the fraction of crack-disappearance 
was determined to be 30%. As shown in Figure 4.3 (a), some newly created phases 
were observed on sample surface. For higher heat treatment temperature, heat 
treatment at 1200°C for 6 h in air, surface cracks still partially disappeared as the 
fraction of crack-disappearance was determined to be 80%., as shown in Figure 4.3 (b).  
At 1300°C, complete surface crack-disappearance can be achieved with a short heat 
treatment time such as 1 h, as presented in Figure 4.3 (c). Heat treatment at 1300°C for 
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 Figure 4.3 SEM images of surfaces of samples heat-treated at (a) 1100°C for 6 h, 
(b) 1200°C for 6 h, (c) 1300°C for 1 h and (d) 1300°C for 6 h in air 
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Figure 4.4 shows XRD patterns for phase identification of the exposed surface 
before and after heat treatment at various conditions. Three dominant compounds 
which are Y2SiO5, Y2Si2O7 and SiC were detected in as-sintered sample. No new peaks 
were detected on the surface of heat-treated samples. Intensity of Y2SiO5 and SiC 
peaks were decreased after heat treatment. Oxidation reaction which occurred in the 
heat-treated process is similar to that of SiC/Y2SiO5. The oxidation of SiC into 





Figure 4.5 shows the fraction of surface crack-disappearance as a function of 
heat treatment temperatures for 5SiC/YS and the previously reported results on 
5SiC/Y2SiO5 (in chapter II) and 5SiC/Y2Si2O7 (in Chapter III). The comparison in 
Figure 4.4 XRD patterns of the sample surface before and after 
heat treatment at various conditions 
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crack-disappearance performance of three composites indicates that the crack-healing 
rate of SiC/Y2SiO5-Y2Si2O7 is in the middle of that of SiC/Y2SiO5 and SiC/Y2Si2O7. 
Taking account of the previous discussion on the crack-healing mechanism of 
SiC/Y2SiO5 and SiC/Y2Si2O7 composites, the crack-healing mechanism of 
SiC/Y2SiO5-Y2Si2O7 composites is illustrated as Figure 4.6. The closure of surface 
cracks is considered as the consequence of outward diffusion of cations  caused 
formation of Y2Si2O7 outer layer, and SiC oxidation in the matrix to form the 




Figure 4.5 Fraction of crack-disappearance as a function of heat treatment 









4.3.2 Oxidation resistance of 5SiC/YS composites 
Figure 4.7  shows the SEM images of cross-sectioned surface of 5SiC/YS 
composites after oxidation at 1200, 1300 and 1400°C for 24 h in air. As shown in 
Figure 4.6 Schematic illustration of self-healing mechanism 
of SiC/Y2SiO5-Y2Si2O7 composites 
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Figure 4.7 (a), oxidation at 1200°C for 24 h in air, the region from the surface to the 
depth of 40 µm was considered as the oxidized zone. In this region, SiC particles were 
partially oxidized. Some short cracks caused by the volume expansion of oxidation 
products such as Y2Si2O7 and SiO2 were observed. Spherical voids caused by outward 
diffusion of yttrium cations were also appeared. After oxidation at 1300°C for 24 h in 
air, the thickness of the oxidized zone was slightly increased to be 60 µm. Almost SiC 
particles were completely oxidized. This leaded to increasing of amount of the cracks 
and voids in this region, as shown in Figure 4.7 (b). The thickness of the oxidized zone 
was significantly increased after oxidation at 1400°C for 24 h in air, as shown in 
Figure 4.7 (c). In the region following the oxidized zone, no cracks, voids and new 
phases were observed. This region was considered as the non-oxidized zone where SiC 
particles can be observed clearly. 
Figure 4.8 plotted the thickness of oxidized zone as a function of oxidation time 
at various temperatures. With increasing oxidation time, the thickness of oxidized zone 
was increased. The growth of oxidized zone followed the parabolic law. Figure 4.9 
shows the parabolic rate constant, kp, as a function of reciprocal oxidation temperature 
for the growth of oxidized zone for SiC/Y2SiO5, SiC/Y2Si2O7 and SiC/YS composites. 
The apparent activation energy for growth of oxidized zone in SiC/YS was calculated 
to be 383 kJmol
-1
, which is higher than that of SiC/Y2SiO5 composites (332 kJmol
-1
). 
Although Y2SiO5  only possesses 30 vol% of the mixed matrix, difference in the 
activation energy for growth of oxidized zone for SiC/Y2SiO5 and SiC/YS composites 
is not significant. This implies that the inward diffusion of oxide ions through Y2SiO5  
ceramic is the major contribution to develop the oxidized zone of SiC/Y2SiO5-Y2Si2O7  
composites, in particular, at low temperatures such as 1200°C. 
 
 





Figure 4.7 SEM images of the cross-sectioned surface of 5SiC/YS composites 
after oxidation at (a) 1200°C, (b) 1300°C and (c) 1400°C for 24 h in air 
 
 







Figure 4.8 Thickness of oxidized zone as a function of oxidation time 
at various temperatures for 5SiC/YS composites 
Figure 4.9 Temperature dependence of parabolic rate constant on oxidation 
of 5SiC/YS in comparison with 5SiC/Y2SiO5 and 5SiC/Y2Si2O7 
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4.3.3 Effect of SiC volume fraction on self-healing ability of SiC/YS composites 
4.3.3.1 Crack-disappearance of 10SiC/YS and 20SiC/YS composites 
Figure 4.10 presents SEM images of 10SiC/YS sample surfaces with introduced 
surface cracks before and after heat treatment at various conditions. Dash lines present 
the outline of Vickers indentation. Without heat treatment, surface cracks propagated 
from the corners of the indentation could be observed clearly as shown in Figure 4.10 
(a). After heat treatment at 1200°C for a short time such as 1 or 6 h, the surface cracks  
were partially disappeared, as shown in Figure 4.10 (b) and (c). The fraction of 
crack-disappearance was increased with increasing heat treatment time. At higher heat 
treatment temperatures, 1300°C for 1 h, surface cracks were completely healed, as 
shown in Figure 4.10 (d). 
     Figure 4.11 shows SEM images of the introduced cracks on 20SiC/YS sample 
surface before and after heat treatment. From each corner of the indentation, a crack 
propagated as observed in Figure 4.11 (a). After heat treatment at 1200°C for 1 h, the 
surface crack was almost disappeared. The fraction of crack-disappearance at this 
condition was determined to be 80%, shown in Figure 4.11 (b). For longer heat 
treatment time, heat treatment at 1200°C for 6 h, cracks on sample surface completely 
disappeared as shown in Figure 4.11 (c). Higher heat treatment temperatures and 
shorter heat treatment time, such as 1300°C for 1 h, would also cause complete 
disappearance of surface cracks, as shown in Figure 4.11 (d). 
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 Figure 4.10 SEM images of surfaces of 10SiC/YS samples after (a) cracking and heat 
treatment at (b) 1200°C for 1 h (c) 1200°C for 6 h and (d) 1300°C for 1 h in air 
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 Figure 4.11 SEM images of surfaces of 20SiC/YS samples after (a) cracking and heat 
treatment at (b) 1200°C for 1 h (c) 1200°C for 6 h and (d) 1300°C for 1 h in air 
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     Figure 4.12 plotted the crack-disappearance as a function of heat treatment 
temperature for 5SiC/YS, 10SiC/YS and 20SiC/YS composites. A comparison in 
crack-disappearance performance of these composites indicates that the healing rate  of 
20SiC/YS composites is larger than that of the other ones. The results imply that the 
self-healing ability of the composites is proportional to the volume fracture of SiC 
dispersoid. Taking into account the function of these composites, volume fraction of 
SiC dispersed in the matrices should be controlled because a large volume fraction of 
SiC disperoid will affects the lifetime and provided protection of SiC/YS composites 




4.3.3.2 Oxidation resistance of 10SiC/YS and 20SiC/YS composites 
Figures 4.13 and 4.14 show SEM images observed on cross-sectioned surface of 
Figure 4.12 Fraction of crack-disappearance as a function of heat treatment 
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10SiC/YS and 20SiC/YS samples after oxidation at 1200, 1300 and 1400°C for 24 h in 
air. The oxidized zone was considered as a region consisting of Y2Si2O7 and SiO2  
phases. The amorphous SiO2 was formed not only on/near the sample surface but also 
inside of the oxidized zone, as clearly shown in Figures 4.13 and 4.14 (c). The 
crystalline SiO2 was also formed in the SiO2 regions inside of the oxidized zone [85]. 
The pores and short cracks were also detected in the oxidized zone. Some large pores 
near the sample surface were produced by CO gas evolution, according to Equation 
(2.1) and (3.1), as shown in Figure 4.14 (c). This phenomenon was reported in 
oxidation behavior of Si/mullite composites [86] as well. 
     Figures 4.15 and 4.16 present  the thickness of oxidized zone as a function of 
oxidation time at various oxidation temperatures for 10SiC/YS and 20SiC/YS 
composites, respectively. The results indicate the thickness of oxidized zone was 
increased with increasing oxidation time as well as oxidation temperatures. The 
growth of oxidized zone obeyed the parabolic law. 
 
 






Figure 4.13 SEM images of the cross-sectioned surface of 10SiC/YS composites 
after oxidation at (a) 1200°C, (b) 1300°C and (c) 1400°C for 24 h in air 
 
 





Figure 4.14 SEM images of the cross-sectioned surface of 20SiC/YS composites 
after oxidation at (a) 1200°C, (b) 1300°C and (c) 1400°C for 24 h in air 
 
 







Figure 4.15 Thickness of oxidized zone as a function of oxidation time 
at various temperatures for 10SiC/YS composites 
Figure 4.16 Thickness of oxidized zone as a function of oxidation time 
at various temperatures for 20SiC/YS composites 
 
 
Vu Dinh Huy  82 
 
Figure 4.17 plotted the parabolic rate constant  kp on the growth of oxidized zone 
as a function of reciprocal oxidation temperature for 10SiC/YS and 20SiC/YS 
composites. The comparison in oxidation rate of these composites indicates that 
oxidation resistance of the composites is increased with increasing the volume fraction 
of SiC dispersoid. The oxidation rate of 20SiC/YS composites is lower than those of 





     Full densified 5 vol% SiC particles dispersed in the Y2SiO5-Y2Si2O7 (mixing in 
a volume ratio of 3:7) matrix composites were fabricated by PECS to investigate the  
self-healing function. The investigation on self-healing is conducted at the 
temperatures ranging from 1100 to 1300°C for 1 to 24 h in air. The complete 
disappearance of cracks on 5SiC/YS sample surface would be caused by heat 
Figure 4.17 Temperature dependence of parabolic rate constant on 
oxidation of 5SiC/YS, 10SiC/YS and 20SiC/YS composites 
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treatment at 1300°C for 1h in air. The healing rate of 5SiC/YS is the middle order of 
magnitude of 5SiC/Y2Si2O7 and 5SiC/Y2SiO5. The formation of oxidation product 
layer and the volume expansion are responsible for closure of the surface cracks. The 
formation of the outer layer was considered as the outward diffusion of Y
3+
 cations. 
The oxidation of SiC dispersoid into SiO2 caused the volume expansion. 
Investigation for oxidation behavior of 5SiC/YS composites was conducted at 
1200 to 1400°C for 1 to 60 h in air. Oxidation resistance of the composites was 
examined through growth rate of oxidized zone after heat treatment in air. Oxidation 
of SiC particles within the matrix creates the formation of the oxidized zone. The 
growth of oxidized zone follows the parabolic law. The inward diffusion of oxygen 
through the Y2SiO5 components is the major contribution to develop the oxidized zone 
of 5SiC/YS composites, in particular, at low temperatures such as 1200°C. The 
apparent activation energy for the growth of oxidized zone was determined to be 383 
kJmol
-1
. Oxidation rate value of 5SiC/YS is the middle value of 5SiC/Y2Si2O7 and 
5SiC/Y2SiO5. 
     Consolidated 10 and 20 vol% SiC/YS samples were fabricated by PECS to 
investigate the effect of SiC volume fraction on self-healing ability of SiC/YS 
composites. The investigation of surface crack-disappearance for 10SiC/YS and 
20SiC/YS was carried out by heat treatment at 1100 to 1300°C for 1 to 24 h in air. 
Results of the investigation indicated the healing rated of 20SiC/YS composites is 
larger than that of the other ones. The self-healing ability of SiC/YS composites is 
proportional to the volume fracture of SiC dispersoid. Investigation for oxidation 
resistance of 10SiC/YS and 20SiC/YS composites was conducted at temperatures 
ranging from 1200 to 1400°C for 6 to 48 h in air. The oxidation in air resulted in the 
formation of the oxidized zone consisting of Y2Si2O7 and SiO2. The growth of 
 
 
Vu Dinh Huy  84 
 
oxidized zone obeyed the parabolic law. The oxidation rate was controlled by the 
diffusion of oxygen through the amorphous SiO2 scale, in particular at high 
temperatures such as 1400°C. The oxidation resistance of SiC/YS is increased with 
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Chapter V 
Diffusivity of Ions in Yttrium Monosilicate 
 
5.1 Background 
As mentioned in the previous chapters, the mass transport in the oxidized zone is 
the predominant process for growth of the oxidized zone. Solid-state diffusion is 
responsible for mass transport. In other words, ions diffusion in the oxidized zone 
determine rate-controlling for growth of the oxidized zone. For understanding the 
high-temperature oxidation behavior as well as self-healing mechanism of SiC/Y2SiO5, 
SiC/Y2Si2O7 and SiC/YS composites, the diffusion coefficient of yttrium ions in 
yttrium silicates have to be known. However, no yttrium diffusivity in yttrium silicates 
has been reported previously. In this study, diffusion coefficient of Y
3+
 cation in 
yttrium silicates will be determined. 
Several researches on diffusion coefficient of cations in rare earth chromites 
(RECrO3) were reported such as those of Y
3+
 in YCrO3 [87], La
3+
 in LaCrO3 [88] and 
Nd
3+
 in NdCrO3 [89]. The rate of a solid state reaction gives the diffusion coefficient 
of the rate-determining ion as a function of the activities of the components. The 
diffusivity of Y
3 +
 in YCrO3 was determined from the solid state reaction between Y2O3  
and Cr2O3 [87]. The solid state reaction between La2O3 and Cr2O3 was examined to 
estimate the diffusion coefficient of La
3+
 in LaCrO3  [88]. The examination of the solid 
state reaction was conducted by investigation for a diffusion couple made by facing 
the polished surface plates of two oxides. As shown in Figure 5.1, the different 
mechanisms are given for the hypothetical reaction of a diffusion couple of AX and 




 in NiAlO4) 
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and X is the common anion (such as O
2-
 in NiAlO4). It is assumed that single crystal 
AX and BX react to form a compact product ABX2, which separates the reactants from 
each other. As shown in Figure 5.1 (b), the formation of reaction layer of ABX2 is 
caused by the parallel diffusion of B and X ions from the BX/ABX2 interface to the 
AX/ABX2  interface. After the reaction, the marker particles are observed in the in 
vicinity of the AX/ABX2 interface. If the parallel diffusion of A and X ions is 
responsible for the formation of ABX2 layer, the markers will be located at the 
interface of BX and ABX2, as shown in Figure 5.2 (c). As shown in Figure 5.1 (d), the 
marker is observed in the reaction layer ABX2. It means that the formation of the 







Figure 5.1 Basic mechanism of the reaction: AX + BX → ABX2 
(a) Reactants 










(d) 2AX + B
+
 → ABX2 + A
+
 
                     2BX +A
+
 → ABX2 + B
+
 
● Cross section of a particle marker 
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According to the Y2O3-SiO2 phase diagram, shown in Figure 1.4, Y2O3 and 
Y2SiO5  could be existed together in the equilibrium whereas Y2O3 does not coexist 
with Y2Si2O7. In this chapter, diffusion coefficient of Y
3+
 cations in Y2SiO5 ceramic is 
estimated through investigation for Y2Si2O7-Y2O3 diffusion couple. The diffusion 
coefficient of oxygen in the Y2SiO5 matrix is also calculated and compare to that of 
Y
3+
 to clarify the self-healing and oxidation process of SiC/Y2SiO5 composites. 
 
5.2 Experimental procedure 
     Specimens used in this study were Y2Si2O7 and Y2O3, prepared by the following 
procedure. The single phase Y2Si2O7 powder was synthesized by using the solid-state 
reaction method, as mentioned in chapter 3. The Y2Si2O7 powder was consolidated 
with a graphite die by PECS at die temperature of 1500°C for 5 min in holding time 
under 70 MPa in uniaxial pressure in a vacuum. The relative density of fabricated 
samples attained at least 99% of theoretical density. The Y2O3 bulk samples were 
purchased from Japan Yttrium Co., Japan. The surface of Y2Si2O7 and Y2O3 plates 
were ground by using a grinding wheel with 30 µm diamond grains and then polished 
with 2µm diamond slurry. Y2Si2O7 plate samples were coated with a slurry mixture 
containing platinum (Pt) particles with 3 µm in average and ethanol on the polished 
surface. 
     A diffusion couple was made by facing the polished plates of Y2Si2O7  and Y2O3. 
The diffusion couple was placed in a sample holder with a push rod to obtain an 
intimate contact, as shown in Figure 5.2. The solid state reactions were conducted at 
1300°C for 2 and 3 d in air. After the reaction, the diffusion couple was mounted in 
epoxy resin, cut perpendicular to the reaction interface, and polished with 2 µm 
diamond particle slurry. The cross-sectioned surfaces were observed by using high 
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speed optical microscope (OM) and SEM. The phase identification on surface of 




5.3 Results and discussion 
5.3.1 Diffusion coefficient of yttrium ions in Y2SiO5 
     Figure 5.3 shows OM images of typical cross-sectional view of the diffusion 
couples after reaction at 1300°C for 2 and 3 d. The interface of Y2SiO5/Y2Si2O7 was 
separated during cooling so that the epoxy resin penetrates between Y2SiO5 and 
Y2Si2O7. The Pt marker was clearly observed in the vicinity of the Y2SiO5/Y2O3  
interface. This result indicates that yttrium and oxygen are transported from the 
Y2SiO5/Y2O3 interface to the Y2SiO5/Y2Si2O7 interface. Since the diffusion of oxygen 
anions is generally much faster than that of cations [87], it is assumed that the 
diffusion of Y
3+
 in Y2SiO5 layer controls the rate of the solid state reaction between 
Y2O3 and Y2Si2O7. 
The thickness of the Y2SiO5 layer was estimated through observation of 
cross-sectioned surfaces of the diffusion couple by SEM, as shown in Figure 5.4. After 
Figure 5.2 Picture of the Y2Si2O7-Y2O3 diffusion couple 
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heated at 1300°C for 3 d, the reaction layer achieved approximately 13 µm. With 
shorter heating time, 1300°C for 2 d, the thickness of the Y2SiO5 layer was 
approximately 10 µm. Figure 5.5 plotted the thickness of the reaction layer as a 
function of reaction time at 1300°C. The growth of the product layer obeys the 
parabolic law. 
     Figure 5.6  shows XRD patterns for phase identification of Y2Si2O7  sample 
surface after reaction at 1300°C for 3 d. The detected phases are not only Y2Si2O7 but 
also Y2SiO5 phase. It means that the reaction layer formed between Y2Si2O7 and Y2O3  
















 Figure 5.3 OM images of cross-sectioned surfaces of the diffusion couple 
after heated at 1300°C for (a) 2 d and (b) 3 d in air 
 
 






Figure 5.4 SEM images of cross-sectional view of the diffusion couple after 
heated at 1300°C for (a) 2 d and (b) 3 d in air 









     As mentioned above, the formation of Y2SiO5  layer was caused by transportation 
of yttrium and oxygen from the Y2SiO5/Y2O3 interface to the Y2SiO5/Y2Si2O7 interface. 
The reaction between Y2Si2O7 and Y2O3 to form Y2SiO5 layer is following 
equilibrium: 






Y2O3 = Y2SiO5                                             (5.1) 
Figure 5.7 shows the illustration of the solid state reaction kinetic of the diffusion 
couple. The difference of Y2O3 activity between the interface I and II is driving force 




 ions from the interface II to the interface I. From the Fick’s 
1
st
 law, the diffusion flux of Y ions can be expressed as: 





                                                                    (5.2) 
Figure 5.6 XRD patterns of Y2Si2O7 sample surface after reaction at 
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where JY is diffusion flux of Y
3+
 cation through the reaction layer, DY diffusion 
coefficient, CY molar concentration, R gas constant , T temperature, µY chemical 
potential, x thickness of the reaction layer. 
Chemical potential in formation of Y2O3: 
                                                 2𝜇Y +
3
2
𝜇O2 = 𝜇Y2O3                                                            (5.3) 
The present diffusion couple experiments were carried out in constant 𝑃O2condition. 
Then the deferential of Eq. (5.3) is: 
                                                 2d𝜇Y = d𝜇Y2O3                                                                       (5.4) 
From Gibbs energy of chemical potential of Y2O3: 
                                                d𝜇Y2O3 = 𝑅𝑇dln𝑎Y2O3                                                           (5.5) 
where 𝑎Y2O3 is activity of Y2O3. From (5.2), (5.4) and (5.5), the diffusion flux of Y 
ions becomes: 





                                                          (5.6) 
Integrating Eq. (5.6): 







II )                                                        (5.7) 
where 𝑎Y2O3
I  is the activity of Y2O3 at the interface of Y2SiO5/Y2Si2O7, 𝑎Y2O3
II  the 
activity of Y2O3 at the interface of Y2SiO5/Y2O3, as shown in Figure 5.7. 
     Furthermore, it assumed that the diffusion of oxygen is much faster than that of 
yttrium. The diffusion of Y
3+
 in Y2SiO5 layer controls the rate of the solid state 
reaction between Y2O3 and Y2Si2O7. According to the Eq. (5.1), 1 molar of Y ion 
diffuses in the Y2SiO5 layer to the interface Y2SiO5/Y2Si2O7 and react with Y2Si2O7 for 
generating 1 molar of Y2SiO5. Thus, the relationship between the flux Y cation and the 
growth rate of Y2SiO5 is expressed as: 
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                                                         (5.8) 
where A is cross-section area of the reaction layer, 𝑉Y2SiO5 molar volume of Y2SiO5, 
and x thickness of the reaction layer. 
From equations (5.7) and (5.8): 













                                        (5.9) 
Assuming that DY and CY are constant for x and t, then integrating Eq. (5.9): 





) t = 𝑘p𝑡                             (5.10) 
The activity of Y2O3 in Y2SiO5 at the Y2O3/Y2SiO5 interface is: 
                                                 𝑎Y2O3
II = 1                                                                              (5.11) 
The activity of Y2O3 at the Y2Si2O7/Y2SiO5 interface can be calculated from the 
standard Gibbs energy change of reaction (5.1), △Go. Since the activity of Y2Si2O7 in 
Y2SiO5 at the Y2Si2O7/Y2SiO5 interface is unity (𝑎Y2Si2O7 = 1), the activity of Y2O3 at 
the Y2Si2O7/Y2SiO5 interface is expressed as: 
                                                 𝑎Y2O3
I = exp (
2∆𝐺o
𝑅𝑇
)                                                         (5.12) 
From equations (5.10), (5.11) and (5.12), the diffusion coefficient of Y ion can be 
expressed: 












                        (5.13) 
By using thermodynamic data of yttrium silicates reported previously [56, 91], the 
standard Gibbs energy change of the reaction (5.1) is calculated to be approximately 
-89 kJmol
-1






. Thus, the 







. There have been no yttrium diffusivity studies on Y2SiO5  
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reported in literature therefore no direct comparison can be made to assess the validity 




5.3.2 Diffusion coefficient of oxygen ions in Y2SiO5 
     As mentioned in chapter II, in the oxidation process of SiC/Y2SiO5 composites, 
oxygen inward diffused and reacted with SiC particles within the Y2SiO5 matrix at 
high temperature to form oxidation product as the Eq. (2.1). The illustration of the 
oxidation kinetic of SiC/Y2SiO5 composites is shown in Figure 5.8. The inward 
diffusion of oxygen ions is caused by the difference of oxygen pressure between the 
sample surface and the oxidized/non-oxidized interface. According to the Fick’s first 
law, the diffusion flux of oxygen ions can be expressed:  





                                                                (5.15) 
where JO is diffusion flux of oxygen ions, DO diffusion coefficient, CO molar 
concentration, R gas constant, T temperature, µO chemical potential of oxygen, x  
Figure 5.7 Schematic illustration of the solid state reaction kinetic 
of the diffusion couple 
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thickness of the oxidized zone. 
From the Gibbs energy of chemical potential oxygen: 
                                                  𝜇O2 = 𝜇O2
0 + 𝑅𝑇ln𝑃O2                                                       (5.16) 
where 𝜇O2
0  is chemical potential in a given standard state (constant), 𝑃O2 oxygen 
partial pressure. Considering 𝜇O2 = 2𝜇O , then the deferential of Eq. (5.16) is: 
                                                 d𝜇O =
𝑅𝑇
2
dln𝑃O2                                                                (5.17) 
From equations (5.15) and (5.17): 





                                                           (5.18) 
Integrating the Eq. (5.18): 







I )                                                       (5.19) 
where 𝑃O2
I is the oxygen partial pressure at the sample surface, 𝑃O2
II the oxygen partial 
pressure at the interface between the oxidized zone and the non-oxidized zone. 
    In addition, the inward diffusion of oxygen ions controlled the growth of  the 
oxidized zone. According to the Eq. (2.1), 3 molar of oxygen ions diffused in the 
Y2SiO5 matrix to the oxidized/non-oxidized interface to react with SiC dispersoids and 
the matrix for forming 1 molar of Y2Si2O7. Thus, the flux oxygen ions can be 
expressed as: 








                                                      (5.20) 
where 𝑓𝑉SiCis volume fraction of SiC, 𝑉Y2SiO5 molar volume of the Y2SiO5 matrix,  
and x thickness of the oxidized zone. 
From equations (5.19) and (5.20): 












                                         (5.21) 
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Assuming that DO and CO are constants for x and t, then integrating Eq. (5.21): 







II ) 𝑡 = 𝑘p𝑡                              (5.22) 
From Eq. (522), the diffusion coefficient of oxygen ion, DO, can be expressed as: 
























           (5.23) 
 
 
 Figure 5.8 Schematic illustration of oxidation kinetic of SiC/Y2SiO5 
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As the high-temperature oxidation results of SiC/Y2SiO5 composites mentioned 









, respectively. Thus, the diffusion coefficients of oxygen ion in Y2SiO5  













 at 1400°C. Figure 5.9 plots oxygen diffusivity as a function of reciprocal 
temperature for Y2SiO5  of this study in comparison to other previous reports. The 
diffusion coefficients of oxygen ions in Y2SiO5 single crystals found by Argirusis et al. 
[92] are 1~2 order of magnitude lower than that  in the Y2SiO5 matrix calculated in this  
study. The diffusion coefficient of oxygen in the Y2SiO5 matrix estimated in this study 
is in good agreement with those in Y2SiO5 polycrystalline which are obtained with 
isotope method given by Golden et al. [85]. This demonstrates that the value for 
diffusion coefficient of oxygen in the Y2SiO5 matrix calculated in this study is 
reasonable. Y2SiO5 has a lower oxygen diffusivity than SiO2 [94] and single crystal 
Y2O3 [95] which are the constituents of Y2SiO5. 
Oxygen diffusivity in Y2SiO5 is enhanced with decreasing grain size. The grain 
sizes of Y2SiO5 in the Golden’ study (~7 µm) and oxidation experiments of this study 
(~5 µm) are able to be comparable. Thus, the oxygen diffusivities in the Golden ’ study 
and the oxidation experiments are in a good agreement as mentioned above. In case of 
diffusion couple, the thickness of Y2SiO5 layer is just 13 µm after reaction for 3 d. It 
means that the grain size of Y2SiO5 layer should be finer than that in the oxidation 
experiments. This implies that diffusion of O ions in the diffusion couple is faster than 
that in the oxidation experiments. Besides, the above results of Y and O diffusivity 
indicated that diffusivity if O ions is larger than that of Y ions. These mean that 
diffusion of O ions is faster than that of Y ions in diffusion couple. This proved that the 
above assumption is reasonable. 
 
 




     A comparison in diffusion coefficients of yttrium and oxygen ion indicates that 
the discussion on the self-healing mechanism of SiC/Y2SiO5 composites mentioned in 
Chapter II is reasonable. The lower outward diffusion of yttrium ions does not give 
significant contribution for high-temperature oxidation therefore the formation of the 
outer layer is not obviously observed on the sample surface. The volume expansion 
caused by formation of the oxidation products would be not completely compensated 
by formation of the voids caused by outward diffusion of Y ions. The volume change 
in the inside of the oxidized zone is positive therefore short carks are appeared. The 
oxidation of SiC/Y2SiO5 composites are mainly caused by the oxygen diffusion. The 
outward diffusion of yttrium ions may possess a minor role in the oxidation process of 
the composites because yttrium diffusion is not much lower than oxygen diffusion. 
 
Figure 5.9 Temperature dependence of oxygen diffusivity for several oxides 
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5.4 Conclusions 
     Investigation for solid state reaction between Y2Si2O7  and Y2O3 was conducted 
at 1300°C in air to determine the diffusivity of Y
3+
 cations in Y2SiO5. The diffusion of 
Y
3 +
 in Y2SiO5  determines the rate of the solid-state reaction between Y2Si2O7 and 
Y2O3. The diffusion coefficient of Y
3+







. There have been no yttrium diffusivity studies on Y2SiO5  
reported in literature therefore no direct comparison can be made to assess the validity 
of this result. 
Calculation of diffusivity of oxygen in Y2SiO5 was carried out to find out the 
major diffusion controlled the high-temperature oxidation process of SiC/Y2SiO5  
composites. The diffusion coefficient of oxygen in Y2SiO5 matrix at 1300°C was 






. The diffusion of oxygen ions is faster 
than that of yttrium ions. The high-temperature oxidation of SiC/Y2SiO5  composites is 
mainly cause by the inward diffusion of oxygen ions. The diffusion of Y ions 


















     The overall objective of this dissertation is to study and develop self -healing 
ceramic matrix composites (CMCs) for environmental barrier coatings (EBCs) which 
are protecting Si-based ceramic substrates from water vapor corrosion in combustion 
environments. Three CMCs material concepts studied in the present dissertation 
include SiC/Y2SiO5, SiC/Y2Si2O7 and SiC/Y2SiO5-Y2Si2O7 composites. The 
self-healing ability and high-temperature oxidation behavior of these composites were 
investigated and discussed from the kinetic point of view. The solid state reaction of 
the diffusion couple was investigated for determining diffusivity of ions in the matrix 
which is the rate controlling process of the oxidation of the composites. The major 
conclusions are summarized as follows: 
 
6.1 Self-healing function of SiC/Y2SiO5 composites 
     Fully-densified Y2SiO5 composites dispersed with 5 vol% SiC particles 
possesses a considerable crack-healing ability. Surface cracks with total length of 200 
µm were completely disappeared by heat treatment at 1300°C for 1 h in air. With heat 
treatment in Ar-1%H2 gas at 1300°C for 1 h, cracks on sample surfaces did not show 
any disappearance. It clarified that the self-healing function of the composites was 
induced by high-temperature oxidation process. In comparison with self-healing of 
SiC/ceramic composites such as SiC/mullite and SiC/Al2O3, the self-healing 
performance of SiC/Y2SiO5 is better than those of the other ones. The self-healing 
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cations created the surface layer which is responsible for closure of surface cracks. The 
formation of the surface layer was not observed clearly due to the low diffusi vity of 
yttrium ions. 
     Investigation of strength recovery obtained by the self-healing effects was 
conducted by three point bending test at room temperature for as-sintered, as-cracked 
and as-healed specimens. Bending strength of the as-cracked samples which were 
prepared with three Vickers indentations on the tensile surface achieved 100MPa. 
After the surface cracks disappeared by heat treatment, as-healed samples exhibited a 
recovered bending strength of 330 MPa which was comparable to that of as-sintered 
samples (270MPa).  
     The oxidation of SiC/Y2SiO5 was mainly occurred by oxygen diffusion. The 
diffusivity of yttrium ions gives a minor role in the oxidation process. Oxidation of 
SiC phase within Y2SiO5 matrix causes the formation of the oxidized zone. The growth 
of oxidized zone obeyed the parabolic law. The oxidation rate of samples oxidized at 
1200°C was much larger than that of samples oxidized at 1300 and 1400°C. The 
oxidation of the composites at 1200°C would occur when oxygen diffusion rate 
through Y2SiO5 matrix is much larger than that through the oxidation product. All SiC 
particles in the oxidized zone were partially oxidized and developed a finite thickness 
of the oxidation product. With the oxidation process at 1300 and 1400°C, the oxygen 
diffusion rate through the oxidation product is comparable to or somewhat lower than 
that through Y2SiO5 matrix. Almost SiC particles in the oxidized zone were fully 
oxidized. 
 
6.2 Self-healing function of SiC/Y2Si2O7 composites 
The surface crack-disappearance obtained by heat treatment in the air of 
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SiC/Y2Si2O7 composites was similar to that of SiC/Y2SiO5  composites at 1300°C or 
higher temperatures. At lower heat treatment temperatures, healing rate of SiC/Y2Si2O7 
was lower than that of SiC/Y2SiO5. For example, surface crack-disappearance of 
SiC/Y2Si2O7 achieved approximately 30% after heat treatment at 1200°C for 1 h. 
While surface cracks on SiC/Y2SiO5 sample were disappeared 80% by heat treatment 
at the same condition. The dominant factor cause the self-healing of SiC/Y2Si2O7  
composites would be the volume expansion which was accompanied by oxidation of 
SiC into amorphous SiO2 phase. The outward diffusion of yttrium ions was also 
considered as the minor role in crack-healing performance of SiC/Y2Si2O7composites. 
     Results of the investigation for oxidation resistance indicated the SiC/Y2Si2O7  
had a greater oxidation resistance than that of SiC/Y2SiO5, in particular, at low 
temperature such as at 1200°C. The oxidation of SiC/Y2Si2O7 could occur by the 
inward diffusion of oxygen through the oxidized zone. Thus, the oxidized zone was 
defined as a region in which short cracks parallel to the sample surface were appeared 
due to the volume expansion caused by the oxidation of SiC into amorphous SiO2 in 
the matrix. The growth of oxidized zone followed the parabolic law with the apparent 
activation energy of 735 kJmol
-1
. The growth rate of oxidized zone in SiC/Y2Si2O7 was 
lower than that of SiC/Y2SiO5. 
 
6.3 Self-healing function of SiC/Y2SiO5- Y2Si2O7 (SiC/YS) composites 
     In a comparison to the self-healing of 5SiC/Y2SiO5 and 5SiC/Y2Si2O7  
composites, the healing rate of 5SiC/YS is middle order of magnitude of 5SiC/Y2SiO5  
and 5SiC/Y2Si2O7. The complete disappearance of surface cracks on 5SiC/YS sample 
could be also caused by heat treatment at 1300°C for 1 h in air. The self-healing 
mechanism of 5SiC/YS was determined as the consequence of the formation of 
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oxidation product layer and the volume expansion. The formation of the outer layer 
was considered as the outward diffusion of Y ion. The oxidation of SiC into SiO2  
caused the volume expansion. 
     Oxidation resistance of 5SiC/YS was worse than that of 5SiC/Y2Si2O7  and 
greater than that of 5SiC/Y2SiO5, in particular, at low temperatures such as at 1200°C. 
The inward diffusion of oxygen through the Y2SiO5 component is the major 
contribution to develop the oxidized zone of 5SiC/YS. The formation of the oxidized 
zone was caused by oxidation of SiC particles within the matrix. The growth of 
oxidized zone in 5SiC/YS obeyed the parabolic law with the apparent activation 
energy of 383 kJmol
-1
which is little higher than that in 5SiC/Y2SiO5. 
     The self-healing function and oxidation resistance of 10SiC/YS and 20SiC/YS 
were investigated to clarify the effects of SiC volume fraction on self-healing function 
of SiC/YS composites. Results of the investigation for self-healing function indicated 
the healing rate of SiC/YS composites is proportional to the volume fraction of SiC 
dispersoid. For example, surface cracks on 20Si C/YS sample were completely 
disappeared by heat treatment at 1200°C for 6 h in air. While surface 
crack-disappearance of 5SiC/YS and 10SiC/YS achieved 80 and 85% after heat 
treatment at the same condition, respectively. The investigation for oxidation 
resistance suggests that the oxidation resistance of SiC/YS composites was increased 
with increasing the SiC volume fraction dispersed in the matrix. Results of the 
investigation show that oxidation rate of 20SiC/YS was lower than that of 5 and 
10SiC/YS. Although both self-healing ability and oxidation resistance of SiC/YS 
composites was improved by increasing the volume fraction of SiC dispersoid, the 
amount of SiC dispersion should be in an equilibrium with self-healing function, 
oxidation resistance and water vapor corrosion resistance in combustion environments 
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of the SiC/YS composites. Furthermore, the increase of SiC dispersoid fraction caused 
the decrease in sintering ability of SiC/YS composites.  
 
6.4 Diffusivity of ions in yttrium monosilicate ceramic 
     The diffusion of yttrium cations determined the rate of solid state reaction 
between Y2Si2O7  and Y2O3  reactants. The diffusion coefficient of Y ions in Y2SiO5  







. No direct comparison can be made to assess the 
validity of this result because there have been no diffusivity dat a of yttrium in Y2SiO5  







, which is in agreement with other data reported 
previously. In the Y2SiO5 matrix, the diffusion of oxygen ions was faster than that of 
yttrium ions. This indicates that the previous discussion on self-healing function and 
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